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PREFACE AND INTRODUCTION. 

"Alles Verg&Dgliche ist ddt cId Gldduuit." 
(iDlelligibilitj is only ■ likeneta. ) 

The elementary theory of electricity and magnetism is essen- 
tially an extension of the science of mechanits,* and the purpose 
of this book is to develop the science of electricity and magnetism 
from this point of view. 

The study of elementary physics, in one of its important phases 
is imaginative like the study of geometry, its purpose is to ration- 
alize our experience of physical conditions and things, and the 
building up of the rational structure of physics should be the 
chief function of a text-book for students. This text has been 
prepared in accordance with this idea. 

The attempt has been made throughout to bring simple prac- 
tical applications into the mind of the student. It would perhaps 
be ridiculous in a descriptive treatise on physics for college men 
to consider in detail those things which are universally and per- 
fectly known, but it is precisely such things that should be referred 
to in a rational treatise. If one is to rationalize, one must ration- 
alize about something. It is a mistake, however, to shape science 
instruction prematurely to practical (economic) ends, but such 
" practical " instruction is a very different thing from the rational 
study of the things of everyday hfe. Elementary science ittstruc- 
Hon must be made to touch upon the things of everyday life if it is 
to be effective. In no other way can what is best in science be 
realized anew in each succeeding generation of men. 

*See -\rt. 135 on the dUtinctitm between the mechanical theoiy and the Btomic 

Special attenlion is called to Art. 6a on the mecbanicit atpecl of Leni's Law ; to 
Chapter VI on lodii'tance ; to Ait. S9 on the DiFchEnical analogae of the conileDser ; 
to Arti. 106, 107 and loS on the mechanical analogies of rlectric doubling ; and to 
Chapter IX on the mechanical conceptions of the electromagnetic Beld and of electro- 
magnetic waves. 
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VI PREFACE AND INTRODUCTION. 

The authors feel that the appendices {a) on Terrestrial Magnet- 
ism, (i>) on Ship's Mf^etism and the Compensation of the 
Compass, (f) on Miscellaneous Phenomena, and {d) on Miscel- 
laneous Practical Applications will appeal to nearly every one 
who has occasion to use this book. Every student should know 
something about these various subjects but most of this material 
should be omitted from a first systematic study of the Elements 
of Electricity and Magnetism. The appendix on Ship's Magnet- 
ism and the Compensation of the Compass especially is recom- 
mended to those who wish to gain a clear insight into the physics 
of this subject 

Following the plan of our Elements of Mechanics, we wish to 
include an introduction in this text What needs to be said in 
introduction, however, is very brief, assuming that the student 
has read the introduction to our Mechanics. There seems to be 
among our students a general indifference towards rational 
physics study. What does this mean ? That all students are 
unworthy, or that physical science is at fault? Neither, It seems 
to us that this indifference is due to a misunderstanding, and we 
believe that it may be made powerless to deter the student from 
a reasonable expenditure of effort in'^the rational study of the 
physical sciences '^ young men be led to understand what kind of 
interest they may be expected to have in such study. Glbert 
Chesterton, in his essays on Heretics, says, very wisely, that the 
only spiritual or philosophical objection to steam engines is not 
that men pay for them or work at them or make them very ugly ; 
or even that men are killed by them ; but merely that men do not 
play at them. This is precisely the objection to physical science. 
Men do not play at it, or, when they do, it is play in the weakest 
and most contemptible sense of the word. Physical science in 
its elements is detached from the more intensely human interests, 
and the will alone can determine its pursuit 

The Authors. 

March 32, iqoS. 
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CHAPTER I. 
THE ELECTRIC CURRENT: ITS CHEMICAL EFFECT. 

1. The electric curent. — When a wire is connected to the 
terminals of an ordinary battery, certain phenomena are produced 
and an electric atrreni is said to flow through the wire. A wire 
in which an electric current is flowing is sometimes called an 
electric wire for brevity. The production of an electric current 
always requires a generator such as a battery or a dynamo. The 
path of the current is usually a wire and it is termed the electric 
circuit. If the path is complete, leading out from the generator 
and returning to it without break or interruption, the circuit is 
said to be closed; otherwise, the circuit is said to be open. A 
steady electric current always flows in a closed circuit, that is, in 
a circuit which goes out from the generator and returns to it, and 
the current ceases to flow when the circuit is broken. 

Certain substances such as metals and salt solutions may form 
portions of an electric circuit Such substances are called electri- 
cal conductors. Other substances, such as glass, hard rubber, air, 
and dry wood, cannot form a portion of an electric drcuit, that 
is, the electric current cannot flow through them to any appreci- 
able extent Such substances are called insulators.* i • 

Energy must be supplied to an electric generator (chemical 
enei^y in the case of a battery, mechanical energy in the case of 
a dynamo), and this energy reappears in various parts of the 
electric drcuit through which the current flows. Thus, energy 
reappears as heat in an electric lamp and as mechanical work in 
an electric motor. 

The magnetic effect of the electric current. — When an electric 
wire is held above a compass and parallel to the compass needle, 
the compass needle is deflected. When an electric wire is 

* All subsUncca coadact the electric cuircDt more or 1«m. See Ait. 14. 
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3 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

stretched near one end of a magnet, as shown in Fig. i, the wire 
is pushed sidewise as indicated in the figure.M When an electric 





current flows through an insulated wire which is wound around 
an iron rod, as shown in Fig. 2, the iron rod is magnetized, as 
indicated by the tetters JfS. These eflects constitute particular 

^, cases of what may be called in 

^ 1 .([^Ifllftlllilffl 3^ general the magnetic effect of the 
electric current.* The magnetic 
effect of the electric current, which 
is shown in its simplest aspect in 
p,^ 3_ Fig. I , is exemplified in a common 

form of ammeter, the working parts 
of which are shown in Figs. 3a and 3^. A horse-shoe magnet 
of steel is provided with soft iron pole-pieces ^A'^ and SS, be- 
tween which a soft iron cylinder Cis rigidly supported by being 
bolted to the brass strip A. In the spaces between the pole^ 
[Heces and the cylinder C move the sides or limbs of a small 
coil of wire which is delicately supported upon a pivot and which 
carries a pointer which plays over a divided scale. Current is 
led into this movable coil through the hair-spring at one end and 
through a very flexible conductor at the other end, and the side 
force which is exerted upon the limbs of the coil by the magnet 

"Asolher aspect of the magnetic effect of the electric cairent, nunety, the pro- 
dDctioQ of ciurent ia ■ vire vhea the wire ii in motion near a magnet, is discussed in 
Art. 63, 
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THE ELECTRIC CURRENT. 



poles NN and SS turns the coit until this side force is balanced 
by the action of the hair-spring, a^ 

The magnetic effect of the electric current which is shown in 
its simplest aspect in Fig. 2, is exemplified in the Morse telc- 



Fle. 3t FI», 3b. 

graph. A battery B, Fig, 4, is connected through a long line 
so as to send current through a wire which is wound on an iron 
rod RR at a distant station. A device K, called a key, is 
arranged for opening and closing the circuit through which the 
electric current flows, and the rod RR is magnetized every time 



r^H^' '^ w^! 

■ V. . grwuM return Jt*? 1 

Pit. *. 

the Icey is closed, thus causing the rod RR to attract a small 
bar of iron / which is attached to a pivoted lever A ; and when 
the key K is opened, the rod RR loses its magnetism and 
ceases to attract the iron /, In this way the pivoted lever A is 
caused to move back and forth with the opening and closing of 
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4 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

the key K, thus producing any desired series of signals at the 
distant station.* 

77i£ chemical effect of ike electric current. — When a solution 
of a chemical compound forms a portion of an electric circuit, the 
compound is, in general, decomposed by the current This 
chemical effect of the electric current is exemplified in the prac- 
tical operation of electroplating. The essential features of an 
electroplating outfit are shown in Fig. 5. W 
is a vessel containing, for example, a solution of 
copper sulphate. The metal object (7 to be 
plated is attached to one tenninat of a battery 
B, a copper plate C is attached to the other 
terminal of the battery, and the current causes 
copper to be deposited upon the object 0. 
The heating effect of the electric current. — A 
wire, or any substance which forms a portion of an electric circuit, 
has heat generated in it by the current. This heating effect of 
the electric current is exemplified in the ordinary electric lamp, the 
carbon filament of which forms a portion of an electric circuit, 
and is heated to incandescence by the current 

Hydraulic analogue of the electric current. — The flow of an 
electric current through a circuit of wire is to some extent anal- 
ogous to the flow of water through a circuit of pipe. The pump 
which propels the current of water is analogous to the generator 
which propels the electric current, and the circuit of pipe which 
goes out from the pump and returns to it is analogous to the 
circuit of wire. Enei^ must be supplied to the pump to produce 
the flow of water through the pipe, and this energy reappears as 
the heat which is developed by the friction of the water in the pipe 
or as the mechanical energy which is developed by a water 
motof through which the water current is forced. Similarly, 
enei^ must be supplied to an electric generator, and this enei^y 
reappears in the electric circuit as heat or as the mechanical energy 

* The Mone Tel^raph ii described quite fiillj in Appendix D. 
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THE ELECTRIC CURRENT. 5 

which is developed by an electric motor through which the electric 
current is forced. 

An electric current flowing through a wire produces an influ- 
ence which extends throughout the region surrounding the wire, 
as is evident from the fact that a compass needle is deflected when 
it is brought near an electric wire. There is, however, no influ- 
ence exerted in the region surrounding a pipe through which 
water is flowing. Therefore the hydraulic analogue of the electric 
current is of no help in giving one a conception of the magnetic 
effect of the electric current In the study of those phenomena 
of the electric current which depend upon its magnetic eflect, the 
hydraulic analogue must be used with caution. 

2. The chemical effect of the electric cotreat.* — When a solution 
of a chemical compound forms a portion of an electric circuit, the 
compound is, in general, decomposed by the current, as stated 
above. Thus, melted salts, and adds and salts in solution are 
decomposed by the electric current. This chemical decomposi- 
tion is called electrolysis, and the liquid in which electrolysis takes 
place is called an electrolyte. Electrolysis is usually carried 
out in a vessel provided with two flat plates of metal or carbon 
which serve to lead the current into and out of the electrolyte. 
Such an arrangement is called an electrolytic cell, and the plates 
of metal or carbon are called the electrodes. The electrode upon 
which the metallic constituent of the solution is deposited is called 

*The chemical effect of the electric current is exemplified bj nuDj' electrachemical 
processes which are dow used on a large scale in various iadustrial establishmeDts. 
See The Electrochemical Maaubctures at Niagara, EUctroehimical Industry, Vol. I, 
pages tt-23 ; The Electrolytic Refiufug of Copper, Engineering and Mining 
Journal, September 19, 1S96, and EUitroehtmical Industry, Vol. I, page 416, 
August, 1903, and The Manufacture of Alumioum by Electrolyas, EUctrechtmical 
Industry, Vol. I, p^e 158, June, I903. 

Perhaps the best modem treatises oa th« pheoomeiui of electrolysis are the 
following : 

A Text-book of Eleetm-thtmislry by LeBlanc, translated by W, R. Whitney and 
J. W. Brown, The Macmillan Company. 

Electro-tkemislry by Danneel, translated by Merriam, John Wiley & Sons. 

TJu Theory ef Eleetrefytie Dissaeiationhj H, C Jonei,The Maonillan Company. 
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6 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

the cathode, and the other is called the anode. It is customary 
to speak of the current as flowing into an electrolytic cell at the 
anode and out of the cell at the cathode, that is, the electric cur- 
rent is considered to flow in the direction in which the metallic con- 
stituent of the solution is carried in an electrolytic cell. 

Consider a solution of hydrobromic acid (HBr). When an 
electric current is passed through this solution, hydrogen (H) 
is liberated at the cathode and bromine (Br) is liberated at the 
anode. In general, the molecule of any dissolved salt or add ts 
separated into two parts by electrolysis ; one part is liberated at 
the cathode and is called the cathion, and the other part is liber- 
ated at the anode and is called the anion. Thus, hydrogen (H) 
is the cathion and bromine (Br) is the anion of hydrobromic 
add. In all metallic salts the metal constitutes the cathion and 
the add radical or halogen constitutes the am'on. In adds the 
hydrogen constitutes the cathion and the add radical or halogen 
constitutes the anion. Thus, the cathion of copper sulphate 
(CuSOj) is copper (Cu), and the anion is the add radical (SO^). 

In many cases the cathion and anion are not actually liberated 
at the electrodes because of what are called secondary reactions. 
Thus, in the electrolysis of an aqueous solution of sodium chloride 
(NaCl), the cathion (Na), when it is liberated at the cathode, 
immediately reacts upon the water, forming NaOH and free 
hydr<^en ; in the electrolysis of copper sulphate between copper 
electrodes, the anion (SOJ combines with the copper of the 
anode forming fresh CuSO, which goes into solution or is 
deposited as crystals on the anode if the solution is saturated ; in 
the electrolysis of HjSOj between inert electrodes such as car- 
bon or platinum, the hydrogen is liberated at the cathode as a 
gas, and the anion (SOJ reacts on the water according to the 
formula SO^ + H,0 = H,SO, + O and the free oxygen escapes 
as gas. The reason for taking the unfamiliar substance hydro- 
bromic add in the above example is that in the electrolysis of 
hydrobromic add there are no secondary reactions at the 
electrodes. 
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THE ELECTRIC CURRENT. 7 

The chemical action which is caused by the flow of current 
through an electrolytic cell is confined wholly to the immediate 
neighborhood of the electrodes. This is exemplified by passing 
an electric current through a solution of lead nitrate between lead 
electrodes in a narrow glass vessel which can be placed before the 
lantern and projected on the screen. The lead is deposited upon 
the cathode in beautiful feather-like crystals, and the solution in 
the immediate neighborhood of the cathode becomes less dense 
as the lead is deposited out of it upon the cathode as may be seen 
by the upward streaming of the solution near the surface of the 
cathode. On the other hand, the solution near the anode is 
increased in density by the dissolving of the lead of the anode by 
the NOj which is liberated there by the current, as may be seen 
by the downward streaming of the solution in the neighborhood 
of the anode. The solution remains entirely unchanged through- 
out the region between the electrodes. * 

The dissolving of the metal of the anode may be observed 
directly by reversing the current, thus causing the feather-like 
crystals of lead which have already been deposited upon one of 
the lead electrodes to become the anode. Under these conditions 
the crystals are seen to dissolve rapidly, 

3. Heasnrement of current hy its chemical effect. Deflnltloa of 
the fmipere. — The electric current in a wire may be measured in 
terms of its magnetic effect, or in terms of its heating effect, or in 
terms of its chemical eflecL Thus, it would be permissible to 
think of one current as being twice as strong as another if it would 
produce twice as much heat per second as the other current when 
it is allowed to flow through a given wire ; f but the magnetic 
eflect has been adopted as the basis of current measurement as 
fully explained in Chapter IV. The measurement of current by 
its chemical effect, however, is consistent with the fundamental 
measurement by magnetic effect, and therefore, we may for the 

* Except for ■ slight rise of temperatoTe due to the healing effect of the cuTTcnt. 
f A definition of current strength 00 this basis would lead to a more complicated 
scheme of electiical Iheorr than that •( present in Togue. 
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8 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

present define ifu strength of an electric current as proporHonal 
to the amount of a given metal deposited by the current per second 
in an electrolytic cell. 

The international standard ampere is defined * as that strength 
of current which will deposit 0.001 ii8 gram of silver per second 
from an aqueous solution of pure silver nitrate. Another unit of 
current, the abampere or cg.s. unit, is defined in Art. 52. 

The coulombmeter. — An electrolytic cell arranged for the meas- 
urement of current by weighing the amount of metal deposited by 
the current in a given time is called a coulombmeter.t Thus, 
the copper coulombmeter consists of a glass vessel containing an 
aqueous solution of copper sulphate and having sheet-copper 
electrodes. The cathode, or gain-plate, is weighed at the begin- 
ning and again at the end of the run, and the strength of the cur- 
rent is calculated by dividing the observed amount of deposited 
copper by the amount of copper that would be deposited in the 
same time by one ampere. 

Current density at an electrode. — The quotient of the current 
flowing through an electrolytic cell divided by the active area of 
one of the electrodes is called the current density at that electrode. 
The physical character of the metal which is deposited by an 
electric current depends very greatly upon the current density at 
the electrode upon which the metal is deposited. Thus, metallic 
copper is deposited from a solution of copper sulphate as a 
smooth, solid layer if the current density does not exceed 0.02 
ampere per square centimeter, whereas the deposit becomes very 
rough with projecting crystals of the metal if the current density 

* In accordance with the TccommendRtioD! of the InteniatiaDal Electrical CoDgren 
which met at Chicago in 1S93. The fundamental definition of (he ampere 11 baied 
upon the magnetic effect of the electric currenl as explained in Art 53. The valae 
of acarrent in amperes [ai defined by the magnetic efTect) ma; be determined from 
pnrel]' mechanical meuurements as explained in Art. 59. In this way the amount of 
lilTer depoaled in one second by one ampere may be determined. Thit determination 
has been made a number of times wilb great care, the latest determination being that 
ofH. S. CarhartandG. W. Pattenon. Uni Journal of tht ImHluHon of Eltctrical 
Engitutrs, Vol. 34, pages 185-1S9, Febraary, 1905. 

f Sometimes called a voltametei. 
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THE ELECTRIC CURRENT. 9 

is greatly in excess of this. The character of the chemical action 
which takes place at an electrode also depends upon the current 
density. Thus, copper alone is deposited upon a cathode from a 
mixed solution of zinc and copper sulphates if the current density 
is very small, whereas a mixture of copper and zinc is deposteed 
upon the cathode if the current density is excessive.* 

4. Faraday's lawsf of electnAysis. First law. — The amount 
of a given metal which is deposited electrolytically is propor- 
tional to the strength % of the current and to the time, that is, 

M~ kit (i) 

in which M is the amount of metal in grams deposited in t 
seconds by a current of / amperes, and ^ is a constant for a 
given metal. This constant & is cs\[GA\i!ti& electrochemical equiva- 
Utttofthe given metal. Klectrochemical equivalents are ordinarily 
specified in grams of metal deposited per ampere of current per 
second. 

Second law. — The electrochemical equivalents of elements 
which can form the ions of an electrolyte, are proportional to the 
quotients of their atomic weights divided by their valencies. A 
metal which has two valencies has two values for its electrochem- 
ical equivalent Thus one and one half times as much iron is 

*The deposilioD of one metal instoul of sereral from sotutians of mixed wlti 
depends more disdncllj uprai the electromotive- Ibrcc drop between the electrode and 
the solution (electrode polarizatioii) than upon curreat densitj. See Art. 12. 

■f The lawi of physics are the exftrimcntal /a<ti upon which the science is bMed. 
Thus Fuad>7's laws of electrolysii are the resnlt of eiperimCDt, pnre and simple ; 
Boyle's and Gay Lnssac' s Laws concerning the eipansion of gases are expenmeiital bets; 
Newton's Laws of Motion are experimental facts ; Newton's Law of Gravitation is bd 
experimental lact ; and so on. In nearly ercry case the so-cxlled laws of phyacs are 
only approximately true. Thas, the product of the volume and pressure of a giten 
amount of gas at constant temperature is not strictly constant (Boyle's Law) ; the 
amount of metal deposited by an electric current deviates in many cases from an exact 
proportional relationship with the current (see Pradical Pkysiei, Franklin, Craw- 
ford and MacNutt, Vol. II, page 136}. 

% In Faraday's experiments, which led to the fbrronlatioD of this general law, the 
electric corrent was measured by a gaJTanotneler, that is, the electric current <■«* 
measured in terms of its magnetic effect. . 
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lO ELEMENTS OF ELECTRICITY AND MAGNETISM. 

deposited from a solution of a ferrous salt as from a solution of a 
ferric salt, provided that the deposition is not complicated by 
secondary reactions which cause the deposit to be redissolved 
chemically. 

S. The dlssoclatloo theory of electrolysis. — The molecules of 
an electrolytic salt or add when in solution, or when melted, are 
thought to be more or less dissociated into what are called ions. 
For example, the molecules of copper sulphate {CuSOJ in a 
dilute aqueous solution are all dissociated into Cu (cathions) and 
SO^ (anions) ; the molecules of sodium chloride (NaCl) in a 
dilute aqueous solution are all dissociated into Na (cathions) 
and CI (anions). These ions are supposed to be electrically 
charged* and to wander about through the solution. When an 
electric current flows through the electrolyte, the positively 
charged ions (cathions) move towards the cathode where they 
part with their positive charges and are deposited as hydrogen 
or metal, as the case may be, and the negatively charged ions 
(anions) move towards the anode where they part with their 
negative charges. This movement of positively and negatively 
charged ions constitutes the electric current in the electrolyte. 

Conception of Faraday's first law. — All of the ions of a given 
substance have the same electric charge so that the strength of 
the current is proportional to the number of ions deposited per 
second on one of the electrodes. 

Conception of Faraday's second law. — All monovalent ions 
carry the same amount of charge, the charge on a monovalent 
cathion being positive and the charge on a monovalent anion 
being negative. For example, the cathions in the following 
series of chlorides are all monovalent, hydrochloric acid (HCl), 
potassium chloride (KCl), sodium chloride (NaCI), and cuprous 
chloride (CuCl), and the same number of atoms of H, K, Na, and 
Cu are deposited from solutions of these chlorides in a given 
time by a given current, so that the electrochemical equivalents 

'See Art. 85 for defiDitioD oftlecliic diai^e. 
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THE ELECTRIC CURRENT. II 

of these monovalent metals are directly proportional to their 
atomic weights. 

The charge on an ion is proportional to its valency. Thus, the 
copper ion in a solution of cupric chloride (CuCIJ has twice as 
much charge as the copper ion in a solution of cuprous chloride 
(CuQ), so that half as many cupric ions as cuprous ions are de- 
posited by a given current in a given time. In general, if « is 
the number of monovalent ions deposited in one second by one 
ampere, then n/a is the number of bivalent ions deposited in 
the same time by the same current, «/3 is the number of trivalent 
ions deposited in the same time by the same current, and so on. 

Consider a series of chlorides of metals of different valencies, 
for example, sodium chloride (NaCl), cupric chloride (CuClj), 
ferric chloride (FeClj), and stannic chloride (SnClJ. Reduc- 
ing these all to a given amount, say n atoms, of chlorine, we 
would have n atoms of sodium (Na), n/z atoms of copper 
(Cu), «/3 atoms of iron (Fe), and «/4 atoms of tin (Sn); so 
that, during the liberation of ft atoms of chlorine, we would 
have a deposit of a atoms of sodium (Na), «/2 atoms of 
copper (Cu), «/3 atoms of iron (Fe), and «/4 atoms of tin 
(Sn). Therefore, the weights of these various metallic deposits 
would be proportional to their atomic weights divided by their 
respective valencies. 

Let us represent each unit of charge by a plus or minus sign. 
Then the single, double, triple and quadruple charges on the ions 
of sodium, copper, iron and tin may be represented as follows : 
Na , Cut, Fei and Sn|, and the single and double charges upon 
the monovalent and bivalent anions of chlorine and SO, may be 
represented as follows: —CI and ~SOj. The present hypothe- 
sis concerning chemical affinity is that it is due to the attraction 
ol the opposite charges on the two constituents of the molecule. 
Thus, sodium and chlorine are held together in the molecule of 
sodmm chloride by the attraction of the positive charge on the 
sodium for the negative chaise on the chlorine, as may be repre- 
sented thus : Na -(- — Ci. 
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One of the greatest diificulties in the dissociation theory of 
electrolysis is to account for the breaking up of such a molecule 
as sodium chloride, which is ordinarily very stable, into its ions. 
The strength of the dissociation theory, however, lies in the 
extent to which it correlates a wide range of experimental fact, 
and in this respect the dissociation tfieory is incomparably more 
useful than any other theory that has been hitherto proposed.* 

^ 6. The voltaic celL — The chemical action that is caused by 
the flow of current through an electrolytic cell is MswHAy forctd, 
that is, work has to be done to bring the chemical action about' 
or, in other words, an electric generator such as a dynamo or a 
battery must be used to push the current through the electrolytic 
cell. When, however, secondary chemical actions take place at 
one or both electrodes, it frequently happens that the total chem- 
ical action that is brought about by the flow of current through 
an electrolytic cell is a source of energy. In such a case the 
electrolytic cell itself can maintain its own current through the 
electrolyte from electrode to electrode and through an outside 
circuit of wire which connects the electrodes. Such an electro- 
lytic cell is called a voltaic cell. 

Example. — When a strip of clean zinc and a strip of copper or 
carbon are dipped into dilute sulphuric add, no appreciable chem- 
ical action takes place. When the plates are connected together 
by a wire, a current immediately starts to flow through the circuit, 
leaving the cell at the copper or carbon electrode (the cathode) and 

* Sereral simple appliutions of the dissodatian tbeoiy to the inlecprctatioii of ez- 
perimcDtal results are giveo in Practical Physict, Frsaklm, Ciswfbrd and Hac- 
Nutt, Vot. II, page toS, pag* '44 *'"^ P'E'^ '4^ ""^ '47- ^ splendid eiainple<tf 
tbe application of the dissociatkm theor; to the ratioDalizatioD of a very complicated 
experimental result is given by E. C. Franklin and H. D. Gibbs in \ite Jnurnal tf 
the American Cktmual Sceitty, Vol. 29, pages I389-I396, October, 1907. 

AnjF student who wishes to become acquainted with the facts of electioljiis most 
familiarize bimself with the details of the dissociation theory, and, since no other 
theory has ever been proposed which b to b« campared in effectiTcneu with the dis- 
sociation theory, the student's eflbrta should be directed first of all to a thoron^ 
umirrslanding of the theory, After he has mastered the theory its imperfections maj 
pr^>erl7 be pointed out 
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entering the cell at the zinc electrode (the anode). This current 
decomposes the sulphuric add (H^OJ, the hydrogen is liber- 
ated at the copper or carbon cathode and escapes from the cell 
as a gas, and the sulphuric acid radical (SO^), which is set free 
at the zinc anode, combines with the zinc and forms zinc sulphate 
(ZnSO,) which goes into solution. The combination of Zn and 
SO, develops more energy than is required for the decomposi- 
tion of the H^O, so that the chemical action as a whole is a 
source of energy. 

The available energy of the reaction above described may be 
greatly increased by providing an oxidizing agent in the neighbor- 
hood of the cathode so that the hydrogen may be oxidized and 
form witer (H,0) at the moment of its liberation by the current. 
The energy of this oxidation is then added to the available enei^ 
of the total chemical action in the cell.* 

7. Examples of voltaic cells. The ordinary " dry cell." — One 
of the most familiar types of voltaic cell is the cell in which 
a plate of zinc and a plate of carbon are immersed in a solution 
of ammonium chloride (NH^Cl) with a mass of powdered black 
oxide of manganese (MnO,) packed around the carbon electrode. 
When this cell delivers current, the NH^Cl is decomposed, and 
chlorine is liberated at the zinc plate where it combines with the 
zinc to form zinc chloride. As the NH, ions are liberated at 
the carbon electrode they break up into ammonia and hydrogen 
(NH, = NHj + H), the ammonia goes into solution and the 
hydrogen is oxidized at the expense of the oxygen in the black 
oxide of manganese, forming water. The free ammonia in this 
type of cell may be detected by the odor after the cell has been 
delivering current for some time. 

This type of cell is exemplified by a great variety of commer- 
cial forms of which the ordinary " dry cell " is the most familiar. 
In this cell the electrolyte is soaked up in a porous material such 

•The student il referred to ProTeasor H. S, Carharfs Primary SatUrtes, pnb- 
lilhed b]F Allyn & Bacon, Boston, Mass., foi full infoimstion on piiinar7 batteries 
(Toltaic cells) and primarj batter; tests. 
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as saw-dust, the containing vessel is made of zinc and serves as 
the zinc electrode, and the cell is hermetically sealed so as to pre- 
vent evaporation. 

The ordinary gravity cell, which is shown in Fig. 6, consists 
of a copper electrode in the bottom of a jar surrounded by a solu- 
tion of copper sulphate, and a zinc electrode in the top of the jar 
surrounded by a solution of zmc sulphate. The light zinc sul- 
phate solution floats on the heavy copper sulphate solution. 
When this cell delivers current, SO^ is liberated at the zinc 
electrode where it combines with the zinc forming additional zinc 



sulphate, and metallic copper is deposited upon the copper elec- 
trode at the bottom of the cell. When this cell is in use, the 
copper sulphate must be replenished occasionally by dropping 
fresh crystals of the salt into the cell, and a portion of the zinc 
sulphate solution must be occasionally drawn off and replaced by 
water. 

The ckrdmic acid cell consists of a plate of amalgamated zinc 
and a plate of carbon dipping into a solution of a mixture of 
chromic acid (H^CfjO,) and sulphuric acid (H^SO,). When 
this eel! delivers current, the flow of the current through the cell 
decomposes the H^O^. The acid radical SO, is liberated at 
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the zinc electrode where it combines with the zinc forming zinc sul- 
phate, and the hydrogen is hberated at the carbon electrode where 
it is oxidized at the expense of the oxygen in the chromic acid. 

In the chromic acid cell, the zinc wastes away rapidly even 
when the cell is not delivering current, and it is therefore desirable 
to lift the zinc out of the solution when the cell is not in use. 
Figure 7 shows a chromic acid cell arranged so that the zinc 
electrode may be conveniently lifted out of the solution. In this 
figure the cell is shown with a zinc electrode placed between 
two carbon plates. The two carbon plates are connected together 
and constitute one electrode. 

The Edison-LaLande cell consists of a zinc plate and a compact 
t)lock of copper oxide (CuO) immersed in a strong solution of 
caustic potash (KOH). The cell shown in Fig. 8 has two zinc 



Fit. 8, Fie. 9. 

plates on opposite sides of the copper oxide plate. These 
two zinc plates are connected together and constitute a single 
electrode. When this cell delivers current, the KOH is decom- 
posed, potassium ions are liberated at the copper bxide plate, the 
copper oxide is reduced to metallic copper, and the potassium is 
oxidized and goes into solution as KOH. At the same time 
hydroxyl ions (OH) are liberated at the zinc electrode where 
they break up into free oxygen and water (2OH = O -f H^O), 
the free oxygen combines with the zinc forming zinc oxide, and 
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this zinc oxide combines with the caustic potash in the solution 
forming potassium zincate (K,ZnOj). 

The Clark standard cell is arranged as shown in Fig. 9. One 
electrode is pure mercury and the other electrode is pure zinc. 
When this cell delivers current, the ZnSO^ in solution is decom- 
posed, SOj is liberated at the sur&ce of the zinc where it com- 
bines with the zinc forming ZnSO,, and at the same time Zn is 
liberated at the surface of the mercury electrode where it is acted 
upon by the mercurous sulphate HgjSO^ according to the 
equation 

Zn + Hg^O, = Hg, + ZnSO^ 

This cell is remarkable for the constancy of its electromotive forco 
and it is used as a standard of electromotive force, as explained 
in Chapter X. 

8. Voltaic action and local action. — Two kinds of chemical 
action are to be distinguished in a voltaic cell, namely, (a) the 
chenucal action which depends upon the flow of current and does 
no* exist when there is no current and (*) the chemical action 
which is independent of the flow of current and which takes 
place whether the current is flowing or not 

The chemical action which depends on the current is prc^r- 
tional to the current, it is essential to the operation of the voltaic 
cell as a generator of current, its energy is available for the mainte- 
nance of the current, and it is called voltaic action. 

The chemical action in a voltaic cell which is independent of 
the flow of current does not help in any way to maintain the cur- 
rent, it represents absolute waste of materials, and it is called local 
action. Local action takes place more or less in every type of 
voltaic cell and it is especially marked in the chromic acid cell 
above described. It may be reduced to a minimum in a given 
type of voltaic cell by coating the zinc with a thin layer of metallic 
mercury (amalgamation). 

The tenn, local action, originated in the following conudcralions : Wben a (trip o( 
dean dnc \% immersed in soJpburic add, no perceptible diemical actioD takes place. 
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If the line ia coonected to a [»rban or copper electrode, however, or if a piece of cai. 
boD or copper touches the zinc pUte io the solation, chemical action begins at CKlce, 
cUTTcal Sows through the electrolyte from the zioc to carboD or copper and back 
through the metallic connection to the zinc, the sulphuric acid ia decomposed, hydro- 
gen is liberated at the c&rbon or copper electrode, and SO, is liberated at the noe 
electrode where it combines with the liuc forming line sulphate. When a plate of 
UDpure zinc is immersed in dilate snlphoiic acid, the insoluble impurities are left in 
the Ibnn of fioe particles clinging to the surbcc of the zinc after the line ia partly dis- 
solved, and these 6ne particles play the part of carbon or copper cathodes, current flows 
through the add from the aoc to each particle and back to the ODC throagh the point 
of attachment of the particle with the zinc plate, as indicated in Fig. toa, the acid is 
decomposed, hydrc^en is liberated at the sorlace of each par- 
ticle, and SO, is liberated at the sarlax of the line plate 
where it combioes with the line fbimiog zinc sulphate. The 
rapid dissolving of impure zinc in sulphuric acid a do — 

doubt due to the flow of electric currents through the min- ' 
Ute "local circuits" as here described, and this rapid dls- ■ 
solving of impure zinc is therefore called local action. 

The covering of the zinc plate with a thin lajer of me- |^ 

tallic mercury tends to produce a clean metallic surface 
which is &ee from adhering particles of the impurity whidi 
is left as the dnc wastes away, and the above described ac- ^„^ jO^^ 

tion does not take place. It is probable that in some cases 

chemical action (local action) takes place irrespective of the flow of electric corrent* 
in local circuits as above described. This seems to be the case, for example, in the 
chromic acid cell, for, as a matter of fact, more than three fourths of the zinc in such 
a cell b cmsumed independently of voltaic action, even when the zinc is thoroughly 
amalgamated so as to present a clean bright surbce, but in the chromic acid cell the 
local action is very much less when the zinc is amalgamated than it is when the zinc 
is not amalgamated. 

An essential feature of voltaic action is that It is reversed if a 
current is forced backwards through a voltaic cell by an otitside 
agent, provided that no material that has played a part in the 
previous voltaic action has been allowed to escape from the 
celL Thus in the operation of the simple voltaic cell consisting 
of a zinc anode and a carbon cathode in dilute sulphuric acid, the 
H^O^ is decomposed, ZnSO, is formed at the anode, and hydro- 
gm is liberated at the cathode. If the current is reversed so that 
the carbon plate becomes the anode, and the sine plate the 
cathode, then the ZnSO,, previously formed, will be decomposed, 
metallic zinc will be deposited upon the zinc cathode, and SO^ 
will be liberated at the carbon anode where it will combine with 
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the trace of hydrc^en that is clinging to the carbon plate and 
form HjSO^. In this cell, however, the greater part of the 
liberated hydrogen has, of course, escaped, and the reversed 
chemical action due to a reversed current cannot long continue. 
Local action, on the other hand, being independent of current, is 
not affected by a reversal of the current 

9. The storage cell.* — A voltaic cell which is free from local 
action and in which all of the materials which take part in the 
voltaic action are conserved in the cell, may be regenerated after 
use by sending through it a reversed current This regeneration 
is due to the reversed chemical action that is produced by the 
reversed current as explained in the previous article. A voltaic 
cell that is adapted to be thus regenerated, that is, a voltaic cell 
in which there is no local action and in which all of the materials 
which take part in the voltaic action are conserved in the cell, is 
called a storage cell. The process of regeneration is called 
charging, and the use of the cell as an electric generator is called 
discharging. A storage cell always requires more energy to 
charge it than is delivered by the cell during the discharge. 

The lead storage cell. — The voltaic cell which, up to the 
present time, has been found to be most satisfactory when used 
as a storage cell, is a voltaic cell having a cathode of lead peroxide 
(PbO^, an anode of spongy metallic lead, and an electrolyte of 
dilute sulphuric acid. The lead peroxide and the spongy metallic 
lead are both converted into insoluble lead sulphate {PbSOJ 
when the cell is discharged. When this cell is charged, the 
lead sulphate is converted back into lead peroxide and spongy 
lead respectively. The lead peroxide and the spongy lead are 

*The description here given of the action of the lead storage cell U a simple 
working theory of the cell. The actions as described do, no doubt, take place, but 
they are compliCBted by more complei actions snch as the formstion of persulphate! 
at the anode and of subsulphates at the cathode. See The 7%tBry of tfit Liai 
Accutnulater, by Friedrich Dolczolek (English Iranslalion by C, L. von Eude, 
published by John Wiley & Sons). A good engineering treatise on the storage 
battery is Storage Batttty Enginetring by Lanal Lyndon (McGraw Publishing 
Company), 
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called the euHve materials of the cell. These active materials 
are mechanically weak and porous and they are usually supported 
in the interstices of massive grids of metallic lead. These lead 
grids serve not only as mechanical supports 
for the active material, but they serve also 
to deliver current to or receive current from 
the active materials which constitute the real 
electrodes. 

Figure 10^ shows a commercial form of 
lead storage cell. The electrodes consist of 
fine grids of metallic lead in the interstices 
of which the active material is placed. The 
positive electrode (out of which the current 
comes during discharge) consists of three ^' 

grids connected together, and the negative electrode consists of 
four grids connected together. 

Action of tht ciU whiU diieharging. — When the 1e>ui iton^ cell deliTcn cur- 
reat, the electrolyte H,SO, is Eplit up by the carrmt into [I, and SO^. The 
bjfdrogeD is liberated at the cathode, where it reduces the lead peroxide to PbO, and 
this PbO combines with a. portion of the H,SO, of the electrolyte rorming FbSO, 
and water. The SO4 which is liberated at the aoode combines with the spongy 
lead and forms FbSO,. Daring this process the actire material expands, beanse Che 
lead sulphate b more balky than the spoogy lead and the lead peraiide ; and the 
electrolyte grows less concentrated {and of coarse increases in resistance) because of 
the absorption of SOj by the active material. This decrease of concentration Is 
especially great in Che pores of the actire material when tbe cell is discharged 

Action ofthi itll while being ckargid. — When tbe lead storage cell is regenerated 
by forcing a reTersed carrcnl through it, the above-described action is reversed. The 
lead sulphate on one electrode is cooverted back lo lead peroxide, the lead sulphate 
on the other electrode is reduced to spongy metallic lead, (he electrolyte grows more 
dense (especially in the pores of the active material), end Che active material 



The following labnlar arrangement gives a clear idea of tbe action of the lead Btor< 
ge cell while discharging and while being charged : 

Disc H ARCING. 

FMiCive grid. PbO, + H,SO, + H, = 2H,0 + PbSO^ 

tUlrcctTon of camnt thi-Ducta tbe edl 
(n.iuivc 10 iMi.llvt grid). 



Negative grid. 
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Chakgihg. 
P(wti«grid.» PbSO, + aH,0 +S0, = 3H^j + n)0, 

9 Dinctliiii of cntral Iluawh Ibt ail 
y (psitln to Bctuin crid). 
Vtgt&Tt grid.* PbSO. + H, = H^, + Pb 

'^ 10. Open-dicoit cells and cliwed-dmtit cells. — A voltaic cell 
in which the local action is very slight does not deteriorate 
appreciably when it is not called upon to deliver current Such 
a cell may be left standing on open drcuit in readiness for use at 
any moment to supply current for any purpose such as to ring an 
electric bell. All that is necessary is to provide a device for 
closing the circuit when it is desired to obtain current from the 
cxU, and then the circuit should be opened in order to avoid 
deterioration of the cell by the continued flow of current A 
voltaic cell which is adapted to this kind of use is called an erfint- 
ctrcuii cell and perhaps the best form of open-circuit cell is the 
ordinary dry cell. 

When an ordinary dry cell is called upon to give a steady cur* 
rent the electromotive force f falls off rapidly on account of what 
is called polarization, and the current decreases accordingly. A 
voltaic cell which is capable of delivering a fairly large steady 
current is called a closed-circuit cell. The gravity cell is one of 
the best types of closed-drcuit cell. The chromic acid cell is also 
frequently used for delivering current more or less steadily. The 
Edison-LaLande cell is a fairly good open-drcuit cell and it is 
satisfactory also for closed-circuit work. 

Problems. 

2. The anode of an electrolytic cell consists of a cofq^r rod 

3 centimeters in diameter, and the cathode consists of a hollow 

*It is tbe nsuat prortice Bmong electtiol engineers to call tbat terminal of an 
electric generator out of which cnrrent flows, the positire lenmnal, and that tetmioal 
into which current flows, the cegative lermina]. Id coofbrtnity with this usage, that 
electrode of ■ storage cell which is cathode during discharge U called tht fotitive griJ 
and the other the mgativt grid. The positive grids are of a pale salmon color and 
the ncgatiTc grids are a nenlral gn;. 

tSee An. aa. 
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copper cylinder of which the inside diameter is 1 2 centimeters. 
1 5 centimeters of length of anode and cathode are submei^^ed in 
the electrolyte, and a current of 25 amperes is passed through 
the cell, (a) Find the current density at the cathode, and (^) 
find the current density at the anode. Ans. (a) 0.044 ampere 
per square centimeter ; (6) 0.177 ampere per square centimeter. 
S. An electric current is sent through an ammeter and through 
a silver coulombmeter. The current gives a steady reading of 
1.068 amperes on the ammeter, and the amount of silver depos- 
ited in 1 hour and 20 minutes is found by weighing to be 5.635 
grams. Find the error of the ammeter reading. Ans. 0.018 
ampere too high. 

^g/e. — The silver coulombmeter U osiull? EUTutged u shown ia Tig. 11. The 
diver Ditiate aolution is contained in a clean platinom tx>vl which M 
on the ioterior of which the lilier ia 
deposited, aad the anode consists of a 
plats of pare nlver sutrounded by a 
coTering of filler paper to prevent de- 
tached particles from hlling to the 
bottom of the platinum bowl. 

8. Calculate the electro- 
chemical equivalents of the 
following : (a) Cuprous cop- 
per ; (i) cupric copper ; (c) zinc ; (d) hydrogen ; (e) aluminum ; 
and (/) ferric iron. The valencies of the respective metals may 
be inferred from the following formulae of their chlorides : (a) 
CuCl; (*)CuCl,; {c)ZnCI,; (^)HCl; (^ AlCl,; (/) FeCl, 
Ans, (a) 0.0006587 gram per ampere per second ; (6) 0.0003293 
gram per ampere persecond; (r) 0.000339 gram per ampere per 
second; {d) O.OOOOIO46 gram per ampere per second; (^ 
0.0000936 gram per ampere persecond; (/) aoooi929 gram 
per ampere per second. 

4. A current which gives a steady reading of 10 amperes on 
an ammeter is found to deposit 8.24 grams of copper in 40 min- 
utes from a solution of CuSO,. What is the error of the ammeter 
reading ? Ans. 0.42 ampere too low. 
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6. Find the time required for lO amperes of current to gener- 
ate 2 cubic feet of hydrogen and I cubic foot of oxygen, 
both gases being measured at 730 millimeter pressure and at a 
temperature of 20" C. ; 22 millimeters of the pressure in each 
case being due to the water vapor which is present Ans. i !,8 
hours. 

Nalt. — The amounl of hydn^en or oiygen geneniled in one second by one 
unpere may be round from the clcctrocheoiical equivBleot of silver and the atomic 
weights of bydtogen, oxygen and silver, or the data given in the note lo problem 6 
Qwy be used. 

6. A current which produces a steady reading of 5 amperes on 
an ammeter generates 186.6 cubic centimeters of a mixture of 
oxygen and hydrogen in 3 minutes, the mixed gases being meas- 
ured at a net pressure of 710 millimeters and at a temperature of 
25" C. Find the error of the ammeter reading. Ans. 0,1 
ampere too low. 

Note. — "B^ Dct pressure Id this problem is meant the pressure doe to the gas alone 
after correction has been made for (he pail of the pressure which is due to the water 
vapor that is present. 

The water coulombmeter is frequently used for qaiclily stuidardidng an ammeter, 
•ad it is convenient to note that one ampere in one second generates o. 174 cubic centi- 
meter of miied hydrogen and oxygen, the gasei bnng meatnred diy, at 760 milli- 
melen pressnre, and at a temperature ofo" C. 

7. A voltaic cell which is free from local action gives a current 
of 1.5 amperes for 50 hours. Calculate the number of grams of 
zinc consumed. Ans. gi.5 grams. 

Nott. — The line consamed in a voltaic cell by voltaic action is equal to the ainoanl 
of due that would be deposited in on electrolytic cell by the current which tbe cell 
delivers. 

8. A single chromic add cell consumes 125 grams of zinc 
during the time that the current from the cell is depositing 25 
grams of copper from a solution of cupric sulphate (CuSOJ. 
What portion of the zinc is consumed by local action ? Ans. 
79.4 per cent 

9. A gravity cell is used to give a steady current of o. I ampere 
continuously, night and day, for 30 days. During this time 
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i668-6 grams of copper sulphate crystals are used. Find: (a) 
The amount of copper sulphate crystals which is consumed by 
voltaic action, and (d) the amount of copper sulphate crystals 
which is consumed by local action. Ans. (a) 504.6 grams use- 
fully consumed in voltaic action and (6) 1,164 grams wasted in 
local action. 

^efe. — Coppei sulphate crystoli contun 13 molecules of water of crTStallization, 
that a to laj, the foriDuU tor copper sulphate crystals is CaSO^ ■+ I3H,0 10 that 
375-9 glanu °f copper sulphate crystals contaia 63.6 grams of Copper. 

10. An ordinary dry cell was connected to a circuit, the cur- 
rent at the start was S-oo amperes, and the current was observed 
at intervals of 10 minutes, giving the following values in amperes 
in order: 4.20, 3.92, 3.70, 3.55, 3-40. 3-28, 3.16, 3.02, 2.90, 
2.81, 2.72, 2.60, 2.54, 2.48, 2.43, 2.37,2.30, 2.24,2.16. Plota 
curve of which the abscissas represent elapsed times and of which 
the ordinates represent the decreasing values of the current deliv- 
ered by this cell. 

11. A lead storage cell deliTcn 10 amperes for 8 boots. Find the increase of 
weight of each electrode. Ani. The po^tive electrode or grid gains 95.5 grams, and 
the n^atire grid gains 143.3 g'*"'^ 

12. The storage cell specified in problem 1 1 contains 4,000 cubic ceotimeten of 
dilute sniphoric acid of which the density at 18° C is 1. 1700 grams per cubic centi- 
neler when the cell ii fully chained. Find the density of the electrolyte after the 
cell has delirered 10 amperes for 8 houn. Ans. 1. iaS6 grams per cubic centimeter. 

Data Required in the Above Problems. 
Atomic Weights. 



Silver 


107.93 


Sodium 


"305 


Aluminum 


3?l 


o»yg'° 


16.00 


Copper. 


63.6 


Lead 


»<Xi.9l 


Iron 


55-88 


Sulphur 


3'<^ 


"yd^gs" 


i.oi 


Zinc 





Density of dry hydrogen at o" C. aitd 760 mm. preuorc, 0.0000896 gram per cubic 
centimeter. 

Density of dry oxygen at o" C. and 760 mm, pressure, 0.001439 gram per cubic 
centimeter. 
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DlKSITT OF DiLUTB SULPUUKIC ACID IN GkAMS PEK CUBIC CENTIMEnK 
AT I8»C 

o per cent. H^, OL9986 

to per ceaL H^, '■0673 

10 per cent H^, 1.1414 

30percaiL H^, i.aai 
Per cent of H^^ in thn tiblc meuu the nnmber of grams of H,SO, in loo 
grams of the solation. 

The electrocbemical eqiiiTalest of alver is 0.001118 gnun per ampere per second. 
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CHAPTER II. 
RESISTANCE AND ELECTROMOTIVE FORCE. 

Heating Effect of the Electric Current. 

11. Electrical resiBtance. — When a pump forces water through 
a circuit of pipe, a part of the work expended in driving the pump 
reappears as heat in the various parts of the circuit of pipe because 
of the resistance which the pipe oflers to the flow of water. 
Similarly, when an electric generator produces an electric cur- 
rent in a circuit, a part of the work expended in driving the 
generator reappears as heat in the various parts of the drcutt 
The current seems to be opposed by a kind of resistance • more 
or less analogous to the resistance which a pipe offers to the 
flow of water, and a portion of an electrical circuit is said to have 
more or less electrical resistance according as more or less heat is 
generated in it by a given current 

12. The heating effect of the electric ctmeat. Joule's law. — 
Tke amount of heat wftich is generated in a given wire is propor- 
tional to tke square of the current that is flowing in the wire and 
to tke time that the current continues to flow, that is, 

H= RPt (2) 

in which H is the amount of heat generated in a wire in t sec- 
onds by a current of / amperes, and J? is a constant for a 
given wire. The value of this factor R is used as a numerical 
measure of the electrical resistance of the wire. 

/Radical applications of the heating effect. — The heating eflfect 
of the electric current is utilized in the various forms of electric 
lamps in which a filament of carbon or refractory metal is heated 
to brilliant incandescence by the electric current The heating 

* Ad euct mecbuiol umlogae of electrical resMance is given in Art. 63. 
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effect of the electric current is also utilized in a variety of electric 
furnaces.* 

Definition of the okm. — If H in equation (2) is expressed in 
joulesjt / in amperes, and t in seconds, then R is expressed 
in terms of a unit which is called the ohm, that is, a wire has one 
ohm of resistance when one joule of heat is generated in it in 
one second by one ampere of current The meaning of the 
factor R in equation (2) may be made clear by solving this 
equation for R, which gives R=-Hjl*t. According to this 
equation, the resistance of a wire in ohms is equal to the joules 
of heat generated in it per ampere squared per second, or in 
other words, an ohm is one joule-per-ampere-squared-per-second. 
The abohm is defined in Art 52. 

The tTitemational standard okm. — The resistance of a wire or 
other portion of an electrical circuit can be measured with great 
ease in terms of a known resistance, whereas a fundamental 
measurement of resistance requires elaborate arrangements, and it 
is very tedious if a moderate degree of accuracy is desired. 
Therefore, for practical purposes, the ohm has been legally 
defined J as the resistance at the temperature of melting ice of a 
column of pure mercuiy 106,3 centimeters long, of uniform cross- 
sectional area, and weighing 14.4521 grams. 

Measurement of resistance. — A direct method for measuring 
the resistance of a wire is to send a known current / through the 
wire for a known length of time / and to determine the amount 
of heat generated in the wire by means of a water calorimeter. 
This direct method for measuring the resistance of a wire in 

*See Calcium Carbide Mftnnbcture it NiRgare, EU(tro<htmUal Initatry, VoL 
I, pBge >3, Bod Carborundum Manufactoie at Niagara, EUetracA^mical Induthy, 
Vol. I, page 50. See report of Canadiaa Comtnissiori on Electrotheimic Froceises 
fcr the Smelting of Iron and Steel, by Eugene Haancl. 

fOrdinarilj heat U expressed in lenns oF the calorie but it is desirable in the 
present instance to express beat in joules, one joule of beat being an amoonl of heal 
which is equivalent to one joule of work. One calorie is equal to 4.1 joules. One 
Male of work is the amount of work done in one second by an agent which does work 
at the tale of one watt One watt is equal lo 1/746 of a horse-powet. 

% In accordance with the recommendations of the International Electrical Congress 
which met at Chicago in 1893. 
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ohms is never used because it is tedious and inaccurate. Practi- 
cal methods for measuring resistance are described in Chapter X. 

13. Power required to tnaJTitain a current In a dicuit, expressed 
in terms of resistance and current. — When all of the energy 
which is delivered to an electrical circuit by a generator reappears 
in the circuit as heat, then the rate at which work is delivered to 
the circuit by the generator is equal to the rate at which energy 
reappears in the circuit as heat Equation (2) expresses the 
amount of heat in joules which appears in a circuit of wire in / 
seconds ; dividing this amount of heat by the time t, gives the 
rate at which heat appears in the circuit in joules per second 
(watts), and this is equal to RI*. Therefore the power P, in 
watts, required to maintain a current of / amperes in a circuit 
of which the resistance is R ohms, is 

P~RI> (3) 

14. Dependence of resistance upon length and size of a wire. — 
The resistance /? of a wire of given material is directly propor- 
tional to the length / of the wire and inversely proportional to 
the sectional area s of the wire; that is, 

R-t'- (4) 

in which > is a constant for a given material ; it is called the 
resistivity * of the material. The exact meaning of the factor i 
may be made apparent by considering a wire of unit length 
(/= i) and unit sectional area (s= 1), In this case k is 
numerically equal to R, that is to say, the resistivity of a 
material is numerically equal to the resistance of a wire of that 
material of unit length and unit sectional area. Electrical engi> 
neers nearly always express lengths of wires in feet and sectional 
areas in circular mils-f If equation (4) is to be used to calculate 

* Smnetinies called aptcifie raitlanci. The reciprocal of the redstiTitj of a lub- 
itance is called iU candudioity. 

f One mil u a tbonsandch of an inch. One drcalar mil is the area of ■ circle of 
vbich the diameter is one mil. The area of anj circle in drcalar mils is equal to the 
tqoue of Ihe diameter of the circle in mils. 
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the resistance of a wire in ohms when the length of the wire is 
expressed in feet and the sectional area in circular mils, then the 
value of k must be the resistance of a wire of the giv«i material 
one foot long and one circular mil in sectional area ; for example, 
the resistance of a copper wire one foot long and one circular mil 
in sectional area b about 10.4 ohms at 20** C. 



TABLE,— RBisnvmES n 



1 Temper ATUKB Cobpficibnts. 



Alaniiaum wire (annealed) &t 30° C, 

Coppet wire (annealed) at 10° C 

Iron wire (pore anneKled) at 30° C..... 

Steel telegraph wire at 30° C 

Steel rails at »" C 

Mercury at 0° C , 

Platinum w' 



D-silTe 



Maneanin wjre (Cu 84, Ni 13, Mn 4) it 30° C... 
"la la" metal wire, hard (copper-iuckel alloj) 

at 30' C 

"Climu" or "Superior" metal (nickel-steel 

alloy) at 30" C 

Arc-lamp carbon at ordinary room tcmperBlui 
Sulphuric add, J per cent, solution at lS° C. 

Oraioarr gtus at 0° C. (densiij 3.54) 

Ordinary glass at 60° C 

Ordinary glass at 300° C 



943-4 Xio-" 
89.8 Xio-" 

47S X'o- 



4.8 ohms 
ii>" ohmsf 
io"phm»t 
10' ohmij 



+0.0039 
+0.0040 
--0.004S 
--o.oo43t 
--0.0035! 
-0.00^ 
- -0.003S4 
+0.00035 1 



a ohms of a bat I oentimeter long and l square centimeter sec- 

b ^= rejislance in ohmi of a wire I foot long and o.ooi inch in diameter, 
f := temperature coefficient of re^itance per degree centigrade (mean nUoe be- 
tween q" C. and loo" C. ). 

* See temperature-resistance curie, Fig. ij. 

+ Between iS" C. and ig" C. 

X TbeM values differ greatly with different samples. 



IS. RoBlBtiTltles of alloys. — The ordinates of the three curves 
in Fig. 1 2 represent the resistivities at a given temperature of 
alloys of zinc and tin, of silver and gold, and of silver and plati- 
num, respectively, and the abscissas represent the percentages of 
the constituent metals. The zinc-tin line, marked Zn + Sn, is 
sensibly straight ; Aat is, the change of resistance from pure anc 
to pure tin is proportional to the percentage of tin in the alloy. 
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The silver-platinum line marked Ag + Pt, and the silver-gold 
line, marked Ag + Au, are not straight In particular, it is to 
be noticed that a very fmall percentage of platinum added to pure 
silver increases the resistance of the metal very greatly indeed. 



"h^-l — I J^ V^[ 



In respect to electrical resistance, the alloys of tin, lead, cad- 
mium and zinc are similar to the alloys of zinc and tin, that is to 
say, the resistivity varies in proportion to the percentage of one 
of the metals in the alloy. Alloys of most other metals are more 
or less similar to the alloys of silver and gold and of silver and 
platinum, and, in general, the addition of a very small percentage 
of one metal to another increases the resistivity greatly. The 
exact opposite to this is true of many non-metallic substances, a 
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pure substance has a very high resistance and the admixtUFe of a 
very small quantity of another substance reduces its resistance 
very greatly indeed. Thus a beaker of freshly distilled water {free 
from air) in which are placed two clean platinum electrodes has a 
resistance of, say, 25,000 ohms and the addition of one one-thou- 
sandth of one per cent of sulphuric add reduces the resistance to 
a few hundreds of ohms. 

16. The rheostat. — An arrangement for inserting more or less 
resistance into an electrical circuit at will is called a rheostat. 
Figure 13 shows the usual arrangement of a rheostat A number 
of resistances rrrr are connected to terminal blocks of metal bibhb 
and a contact finger f of metal, broad enough to brieve over the 
space between the adjacent blocks bb, is arranged so that it can 






be moved sidewise, thus connecting any number of resistances r 
in circuit between the terminals A and B of the rheostat The 
resistances rrrr. Fig. 1 3, are usually made of metal of high 
specific resistance so that the wire may be of moderate length 
and yet large enough to be mechanically strong and to have suf- 
ficient area to radiate the heat which is generated in it by the 
current. One of the most satisfactory of these high resistance 
metals is a nickel-steel alloy which is known in commerce under 
the name of " Climax " metal or " Superior " metal. 

The so-called water rheostat which is frequently used consists 
of two electrodes dipping into a vessel, or tank, containing a weak 
solution of common salt The current enters at one electrode, 
flows through the salt solution, and leaves it at the other electrode, 
and the resistance can be adjusted by varying the amount of salt 
in solution or by moving the electrodes. 
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17. Vaiiation of resistaiice with temperature. — The electrical 
resistance of a wire, or of a liquid column which forms a portion 
of an electrical circuit, varies with temperature. Consider, for 
example, (a) an iron wire, {b) a copper wire, {c) a platinum wire, 
{d) a german-silver wire, (f) a carbon rod, and (/) a column of 
dilute sulphuric add, each of which has a resistance of 100 ohms 

























y 


° 






















/ 




S 


















y 


/. 


/ 




















/ 


y. 








t 














</ 


^ 






-^ 














^ 


y^ 


















\ 




^ 


















d 






















' 


to 


































6 


.& 








. 


•0 1 


Id v. 


x> 



dtgrtt* eeitUgTodt 



at 0° C, The values of the resistance of (a), (S), (<:), (d), (e) and 
(/) at other temperatures are shown by the ordinates of the 
curves in Fig. 14. It is evident from Fig. 14 that iron and cop- 
per increase very greatly in resistance with rise of temperature, 
and that german silver increases slightly, whereas the carbon and 
sulphuric acid decrease in resistance with rise of temperature. 
All pure metals increase in resistance with rise of temperature in 
approximately the same ratio, alloys usually increase in resistance 
with rise of temperature but to a much smaller extent than pure 
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metals, and all adds and salt solutions decrease in resistance with 
rise of temperature. 

A rod of a substance like glass or porcelain has, at ordinary 
room temperature, a resstance which is expressed in milhons of 
millions of ohms, but the resistance decreases rapidly with rise of 
temperature. Both glass and porcelain become fairly good con- 
ductors at a low red heat. This is strikingly shown by the fol- 
lowing experiment : Fine copper wire b wound around the ends 
of a thin-walled glass tube about 20 centimeters long, and these 
copper wires are connected through a fairly high metallic resist- 
ance to the terminals of a 1,000-volt transformer. The side of 
the tube is then heated with a blast lamp. At a low red heat a 
sufficient amount of current begins to flow to develop a very con- 
siderable amount of heat, and the glass tube becomes still hotter, 
which permits still more current to flow, which makes the glass 
tube still hotter, and so on, until the glass tube melts down be- 
cause of the heat which is generated in it by the flow of current. 

Alloys which change but little in resistance with change of 
temperature are especially suitable for resistance standards and 
resistance boxes.* Wires of mangantnt are now almost uni- 
versally employed for this purpose. Figure 1 5 J shows the 
change of resistance of a manganin wire with temperature. A 
manganin wire which has a resistance of loo ohms at 1 5° C. has 
a resistance of 100.01 ohms at 20° C. ; a german-silver wire 
which has a resistance of 100 ohms at 15° C, has about 100.2 
ohms resistance at 20° C; and a copper wire which has resistance 
of 100 ohms at 15° C, has about 102 ohms resistance at 20° C; 
that is, for the specified rise of temperature the change of resist- 
ance of the manganin wire is only 0.01 per cent, the change of 
resistance of the german-silver wire is 0.2 per cent., and the 
change of resistance of the copper wire is 2 per cent 

• See Chapter X, 

t Manguiin is sn alloj of 84 parts bj weigbt of copper, 11 parts by weif^t of 
nickel, and 4 parts bj wclghl of manganese, 

} From the results of Dr. iJodeck. See the Proceedingi af the fnttrnatieHal 
EUttritat Congress, Chicago, 1893, page 165. 
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TempereUnre coefficient of resistance. • — The curves a, b and c 
in Fig. 1 4 are approximately straight lines ; the same is true of the 
temperature-resistance curves of all pure metals and of many 
alloys. Therefore, the increase of resistance of a wire from a 
standard temperature, say, o° C, to any other temperature ^ " C. 
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Rk. is. 

is approximately proportional to /, and in every case the increase 
of resistance is exactly proportional * to the resistance of the wire 
at the standard temperature. Therefore the increase of resist- 
ance from o° C. to t° C. may be expressed as ^R^, where 
R^ is the resistance of the wire at o° C and ^ is a factor 
which IS approximately constant for a given metal. The resistance 
of the wire at /" C. is equal to R^ -f ^R^, so that, writing 
R^ for the resistance of the wire at f* C, we have 



R, = R^{\ -\-Bt) 



(5) 



*Tbis is anftlogoiu to Ihe fact that the increue of lengtli of > meUl bar due to ■ 
gifen rise of tempera tare u exactlji propoitional to the ioitial length of the bar. Con- 
tider for example, a bar 10 feet long at a" C. When the temperHtiirc is increased, 
ead foot of the bar increaiei its length b; a certain frRctional part of a foot, and the 
entire bar increue* its length by the same fractional put of its total initial leogth. 
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The factor is called the temperature coefficient of resistance 
of the given metal. It is equal to the increase of resistance of 
the metal for one d^ree rise in temperature expressed as a frac- 
tional part of the resistance of the metal at o° C. Its value for 
pure metals is approximately 0.0037 P^r degree centigrade. For 
pure commercial copper wire its value is about 0.004 per d^ree 
centigrade. 

It is to be remembered that equation (5) is based on the as- 
sumption that the temperature-resistance curve is a straight line. 
If the actual resistances of any wire or substance at 0° C. and 
at f C. are substituted in equation (5) for /?„ and R^, respec- 
tively, the value of j9 may be calculated. The value of j8 so 
calculated is called the mean temperature coefficient of resistance 
of the given substance for the given range of temperature. 

The value of the temperature coefficient of a substance depends 
upon the choice of the standard temperature in a way that may 
be most easily explained by considering the thermal expansion 
of a gas. A gas at constant pressure undei^oes a certain definite 
increment of volume for one degree rise of temperature. Thus, 
a gas at constant pressure undei^oes the same increment of volume 
when heated from 10" C. to 11° C, or when heated from 50° C. 
to 51° C, or when heated from 200"* C. to 201* C. This incre- 
ment of volume per degree rise of temperature is equal to 3^3 of 
the volume of the gas at o* C, to j^j of the volume of the gas 
at 1° C, to 3^j of the volume of the gas at 100° C, and so on, 
and this fraction is the temperature coefficient of expansion of 
the gas. In order to avoid ambiguity, the increment of volume 
of a gas for i ° rise of temperature is always expressed as a frac- 
tional part of the volume of the gas at 0° C, and the coefficient 
of expansion of a gas at constant pressure is therefore equal to 
j4t (equals 0.00366). Similarly, the temperature coefficient ol 
resistance of a metal should always refer to a definite standard 
temperature, say, 0° C. It is interesting to note that the temper- 
ature coefficient of resistance of most pure metals is very nearly 
the same in value as the temperature coeffident of expansion of a 
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gas at constant pressure. That is to say, the resistance of a wire 
made of pure metal is approximately proportional to the absolute 
temperature. 

Electromotive Force. 
18. Power dellveied by an electric geaerator Definition of 
electromotlTe force. — From Faraday's laws of electrolysis it is 
evident that the amount of zinc consumed per second in a voltaic 
cell by voltaic action is proportional to the strength of the cur- 
rent Therefore the available * energy developed per second by 
the chemical action in the cell is proportional to the strength of 
the current, or in other words, the electrical energy developed 
per second by a given type of voltaic cell in the maintenance of a 
current is equal to a constant multiplied by the current. That is, 

P~EI (6) 

in which P is the electrical energy developed per second by a 
voltaic cell, / is the current produced by the cell, and £ is a 
constant for the given type of cell. This constant E is called 
the electromotive force of the cell. This definition of electromotive 
force applies to any form of electric generator. Imagine a 
dynamo driven at constant speed, and having a field magnet of 
which the strength is invariable. Ignoring friction, the only 
opposition to the motion of the dynamo is that which is due to 
the current flowing through the armature wires. Therefore to 
double the current output of such a dynamo would double the 
force required to drive it,t and therefore double the rate at which 
work would be expended in driving it, its speed being constant ; 
but the work which would be expended in driving such a dynamo 
would all go to maintain the current, so that the rate at which 

* Available, that is, for the pioduction of cuirrnt. In some loltaic cells Ihe whole 
of the energy developed by the voltaic action goes to mainlain the current ; but, in 
general, ■ definite fractional part only of this enci^ is available for the production of 
an electric current. See Physical Chemistry, 11. C. Jones, pages 376-405. See also 
papers hj H. S. Carhart " On Ihe Thermodynamics of the Voltaic Cell," Physical 
Revien,, Vol. XI, p. 1, Vol. XVI, p. 248, and Vol. XXVI, p. aog, Match, 1908, 

f See Art. 51, on the side push of a magnetic licldon an electric wire. 
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work is expended in maintaining the current is proportional to the 
current, according to equation (6). 

Hydraulic analogue of electromotive force, — An electric gen- 
erator, such as a voltaic cell or a dynamo, is analogous to a cen- 
trifugal pump, or fan blower, which develops a definite difference 
of pressure between its inlet and outlet Imf^ine a fan blower 
connected to a circuit of pipe which goes out from the outlet and 
returns to the inlet. The volume of air per second forced through 
this pipe may be called the strength of the air current, and the 
rate at which the fan delivers energy in the maintenance of this 
air current is equal to the product of the strength of the air cur- 
rent and the pressure difference between inlet and outlet of the 
fan. Let / be the strength of the air current (volume of air 
flowing per second) and let E be the pressure difference between 
inlet and outlet. The power developed by the fan in maintaining 
the flow of air is 

P~EI 

This equation is identical to equation (6), and the pressure differ- 
ence between inlet and outlet of the fan blower is exactly analogous 
to what is called the electromotive force of an electric generator. 

Noll. — The power delivered by n fan to a circuit of pipe is not stricllj' propor- 
tlonal tothe volume of air delivered per second because an iucreaaed flow of air usuallj 
cause* a slight decrease in the speed of the fan. Similarly, the power delivered to m 
circuit of wire bjr a voltaic cell or djnamo is not strictly prc^rtional to the strenglh 
of the CDrrent because bd increase of cuireot usunlly causes a decrease in the electro- 
motive force of the cell or generHtor. This decrease of electromotive force of a voltaic 
cell is called polaritation and i( is discussed io Art. 22. The decrease of eleclromo- 
tive force of a dyaamo due to increase of current output is generally due lo a slight 
decrease of tpeed or to a weakening of the field magnet, or lo both. 

Definition of tfte volt. — When P in equation (6) is expressed 
in watts (joules of work per second) and / in amperes, then E 
is expressed in terms of a unit which is called the volt. That is 
to say, the electromotive force of an electric generator in volts is 
equal to the power in watts delivered by the generator divided 
by the current in amperes, or in other words, the power deliv- 
ered by a generator in watts is equal to the current deUvered by 
the generator in amperes multiplied by the electromotive force of 
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the generator in volts. The abvolt or cg.s. unit of electromotive 
force is defined in Art $2. 

Unsatisfactory character of the fundamentcU definition of electro- 
motive force. — The definition of any physical quantity consists, in 
every case, of a concise statement of the fundamental method of 
measuring that quantity, and when this fundamental method of 
measuring a quantity involves operations which are not feasible 
under ordinary conditions of practical work, the definition seems 
more or less unsatisfactory. Thus, the above definition of elec- 
tromotive force as units-of-work-per-second-per-ampere {Pji^) 
assumes that the rate of doing work in a pushing current through 
a circuit is to be measured directly in mechanical units, and no 
method is specified for doing this. The simplest definition of 
electromotive force is based on Ohm's Law as explained in the 
following article. 

19. Ohm's Imw. — The current produced by a voltaic cell, or, 
in general, by any electric generator, is inversely proportional to 
the resistance of the circuit.* This relation was discovered by 
G. S. Ohm in 1827 and it is called Ohm's Law. A complete 
statement of Ohm's Law together with a clear specification of the 
conditions under which the law applies may be derived as fol- 
lows : The power output of an electric generator is equal to EI 
according to equation (6). If the whole of this power Is used to 
heat the drctilt in accordance with Joule's Law, then we must have 

EI=,Rr 

according to equation (3), Therefore we have 

E=RI (ja) 

or 

/-I w 

"This sUtement aod the gtatenient given in the previom article to the eflect that 
the power output of a generator is proportional to the carrent, are not exactly true, 
because of the fact that the electromolire force of a generator luualljr falls ofTia Talue, 
to Mme extent, when the generator a called upon lo eiie an increa«ed carrent 
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Defimtion of the volt on the basis of Ohm's Law, — According 
to equation (ja), the electromotive force required to force a cur- 
rent through a circuit is equal to the product of the resistance 
of the circuit and the current When the resistance is expressed 
in ohms and the current in amperes, this equation gives the value 
of the electromotive force in volts. That is to say, a voltaic 
cell, or any electric generator (assumed, for the sake of simplid^ 
of statement to have no internal resistance and to E>e unaffected 
by those secondary influences which cause a decrease of electro- 
motive force with delivery of current), has an electromotive force 
of one volt if it produces one ampere of current in a circuit of 
which the resistance is one ohm. 

20. Application of equations (2), (6) and (7) to a portion of an 
electrical circuit. — Equation (2) expresses the heat which is 
generated in a portion of the electrical circuit, R being the 
resistance of that portion. Equation (6) expresses the power 
which is delivered to a portion of an electrical circuit, E being 
the electromotive force across the terminals of that portion. 
Equation (7) expresses the relationship between the current in an 
electrical circuit, the electromotive force across any given portion 
of the circuit, and the resistance of that portion. 

The current produced by a voltaic cell not only flows through 
the wire which is connected to the terminals of the cell, but it 
flows also through the electrolyte in the cell. Let EJ repre- 
sent the total rate at which work is supplied by the voltaic cell 
in the maintenance of the current, let R^ be the resistance of the 
external circuit of wire, and let R^ be the resistance of the 
electrolyte and electrodes in the cell. Then the rate at which 
heat is generated in the entire drcuit is {R^ + R^I*, and this is 
equal to EI, so that 

E, = RJ+RJ 
whence 

RJ=E^-RJ (8) 

but R T is the electromotive force which is required to force the 
current / through the external resistance R^ ; that is, R^I is 
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the actual electromotive force between the termnals of the cell while 
it is delivering current. Therefore, we have 

E^ = £,- RJ (9) 

in which E^ is the electromotive force across the terminals of 
the cell while it is delivering current, and, inasmuch as £^— R^, 
and E^I ™ R,^, we may write : 

/-| (.0) 

and 

P,-EJ[ (11) 

in which P^ is the power delivered by the celt to the external 
circuit. In these equations E^ is the total electromotive force 
of the voltaic cell (or generator), RJ is the portion of this total 
electromotive force which is used to overcome the resistance of 
the cell (or generator), £*=(£, — RJ) is the electromotive 
force between the terminals of the cell (or generator), and P^ is 
the power delivered to the external circuit which does not include 
the power developed in heating the cell (or generator), 

^Equations (6) and (7) are , ^ 

'nearly always used in practice in - j^ - 
their application to a portion of l ^p * 
a circuit. Thus, Fig. r6 shows " ^ 
a battery B supplying current to *' "^ 

a lamp L, the electromotive force between the terminals of the 
lamp is E, the current flowing in the circuit is /, the power de- 
livered to the lamp is EI, and the current is equal to the elec- 
tromotive force between the terminals of the lamp divided by 
the resbtance of the lamp, according to equation {f). 

Voltage drop in a generator. — The electromotive force RJ 
required to overcome the resistance of the generator (or voltaic 
cell) in the above discussion is subtracted from the total electro- 
motive force of the generator to give the electromotive force be- 
tween the generator terminals, as indicated in equation (8). This 
electromotive force RJ which is used to overcome the resistance 
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of a generator is called the electromotive force drop or voltage drop 
in the generator. It is analogous to the decrease of pressure- 
difference between the terminals of a fan blower due to the resist- 
ance which is encountered by the stream of air in passing through 
the fan chamber. 

Voltage drop in a trammission line. — A current of / amperes 
is delivered to a distant lamp or motor over a pair of wires the 
combined resistance of which is R ohms. Let E^ be the elec- 
tromotive force across the terminals of the generator, and let E^ 
be the electromotive force across the terminals of the distant lamp. 




The difference between the voltage across the terminals of the 
generator and the voltage across the terminals of the lamp, namely, 
£j, — £j is equal to the electromotive force which is used to over- 
come the resistance of both wires, namely, RT volts. This loss 
of electromotive force over a transmission line is called the volt- 
age drop over the line. 

Example. — The electromotive force across the terminals of a 
generator is 1 1 5 volts. The generator supplies 100 amperes of 
current to a motor at a distance of 1,000 feet, and the wire (2,000 
feet) used for the transmission has a total resistance of 0.05 ohm. 
The voltage drop over the line is 100 amperes x 0.05 ohm, or 5 
volts, and therefore the voltage across the terminals of the motor 
is 1 1 s volts — 5 volts =1 1 10 volts. 

Hydraulic analogue of voltage drop. Defimtion of potential 
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difference. — Figure 170 represents a pump P forcing water 
through a small pipe and through a distant water motor M, the 
water being returned to the pump through a very large and ap- 
proximately frictionless pipe. The motor may be most conven- 
iently thought of as an ordinary pump with a piston, but driven as 
a motor by the water which is forced through it by P. Choosing 
the pressure in the lai^e jMpe as zero or reference pressure, the 
pressure at any other point in the system is to be specified by 
giving its value above or below the pressure in the large jnpe. 
The pump draws water through the supply pipe s, and the pres- 
sure in this small pipe falls below the zero line or axis 00, At 
the pump there is a sudden rise of pressure which is represented 
by the ordinate A, and the friction of the long pipe causes a 
steady drop of pressure until the motor M is reached There is 
a sudden drop of pressure at the motor which is represented by 
the ordinate B, and then a slow drop of pressure along the 
remaining portion of the small pipe. In the dii^ram 00, the 
pump and motor are supposed to be located at definite points 
so that the rise of pressure in the pump and the drop of pres- 
sure in the motor are represented by the vertical ordinates A 
and B. 

Figure 17^ represents an electric generator G forcing an elec- 
tric current through a small conductor and through a distant 
electric motor M, the current being returned to the generator 
through a very large conductor of negligible resistance. Choos- 
ing the line 00 as a reference axis, the electromotive force be- 
tween the point P and any other point in the system may be 
represented by an ordinate measured upwards or downwards 
from the reference axis. In the diagram 00 the generator and 
motor are supposed to be located at definite points so that the 
propelling electromotive force of the generator is represented by 
a vertical ordinate A, and the opposing electromotive force of 
the motor is represented by the vertical ordinate B, 

When one has chosen a reference point, like P, Fig. ijb, in an 
electrical system, the electromotive force between that point and any 
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other point in the system is called the eltctrie potential at the other 
point. — Thus, the ordinates / and p' in Fig. i yb represent the 




values of the electric potential at the two points q and y* on 
the wire in the same way that the ordinates p and p' in Fig. 
l/a represent the values of the hydrostatic pressure at the points 
q and q' on the small pipe, that is to say, the potential at a point 
in an electrical system is analogous to the hydrostatic pressure at 
a point in hydraulics ; and the electromotive force between two 
points in an electrical system which by definition is equal to the 
difference of potential between those points, is analogous to the 
difference of pressure between two points in a hydraulic system 

21. Voltmeters* and ammeters, — Figure i8a shows an am- 
meter A arranged to measure the current delivered by a gener- 
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"The Toltmeler ii essealiallj m high -resistance ammeter eiccpt b the case of Ibe 
electroitatic Toltmeter which is seldom used. Thns, ■□ ammeter gives a definite de- 
flection with a certAUi current / flowinc tbransh it, and the electromotiTe force be- 
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ator G, and a voltmeter V connected so as to indicate the 
electromotive force between the terminals of the generator. 
Figure i%b shows an ammeter A and a voltmeter V arranged 
to measure the power delivered to a lamp L. 

An ammeter must have a very low resistance in order that it 
may not obstruct the flow of current in a circuit in which it is 
placed, A voltmeter must have a high resistance in order that 
it may not take sufficient current to disturb the system to which 
it is connected. Thus, the well-known voltmeter of the Weston 
Electric Company having a scale ranging from zero to 1 50 volts 
has a resistance of about 1 5,000 ohms, so that it takes about 
0.0 1 ampere when it is connected to a 150-voIt generator. 
When an ammeter and a voltmeter are arranged to measure the 
power delivered to a lamp, as shown in Fig. iS^, the ammeter 
reading should be taken when the voltmeter circuit is open in 
order that the ammeter reading may indicate the true current 
flowing through the lamp.. 

22. Polarization* of the voltaic cell. — When a voltaic cell 
delivers current, the chemical action in the immediate neighbor- 
hood of the electrodes exhausts the electrolyte, and the electro- 
motive force of the cell falls off greatly. Thus, the ordinates of 
the curve AA in Fig. 19 represent the values of the electro- 
motive force of a dry cell afler it has been delivering a &irly 
large current for one minute, for two minutes, for three minutes, 

tween the tenninats of the iastrument ii equal to Jil, where R a tbe resistuice of 
the imlrnmeDt ir tfa« imtnuncDt U to be med m an ammeter the po«tioa of the 
piHDier i* marked with the number which gives the valae of / in amperes, if (he to- 
stmment is to be used u a Toltmeter the posilioD of the poioter ii marked with the 
munber which givei the valae of J!I in volts. 

The instniment described ia Art I and shown in Fig. 3 may be considered to be 
m, ToUmeter if it has a high remxtsDce. 

* The word polariutioTi has two distinct meanings \a its application to electrolysis. 
T^ pelaraaHon a/a vollaU ciUiataxa the decrease of electromotiTc force of the cell 
dne chiefly to changes of concentration of the electrolyte io (he oeighborhood of the 
electrodes t^ the cell as the cell delivers current ; and the palariioHan efan tlictrodt, 
as this term is generally used io scientific writings, means the Iota! eleclTomotire force 
between the electrode and the electrolyte. See Practical Phytics, Franklin, Craw- 
ford and MacNntt, Vol. II, pages 136-147. 
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and so on, the electromotive force being measured in each case j 
on open circuit (the cell being disconnected from the circuit to ] 
which it delivers current and connected to a voltmeter for a 
moment when it is desired to read its electromotive force). 



Fig, 19. 

When a voltaic cell has been polarized by delivering current 
for some time, its electromotive force rises slowly when it is left 
standing on open circuit. This recovery of a voltaic cell from 
polarization is due chiefly to the refreshing of the electrolyte in 
the neighborhood of the electrodes by the slow diffusion of the 
acid or salt from distant portions of the electrolyte to the surfaces 
of the electrodes. The ordinates of the curve BB in Fig. 19 
show the increasing values of the electromotive force of a dry 
cell standing on open circuit after it has been allowed to deliver 
current for some time. 

Branched Circuits. 

23. Series and parallel coimectionB. — When two portions of an 
electric circuit are so connected that the entire current in the 
circuit passes through both portions, the portions are said to be 
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>nnected in series. When two portions of an electrical circuit 
re so connected that the current in the circuit divides and part 
f it flows through each portion, the portions are said to be con- 
lected in parallel. Thus, Fig. 20 shows two lamps L and L' 



t ^ t_ 



Re. 20. Fit. 21. 

connected in series, and Fig. 21 shows two lamps connected in 
parallel. 

The ordinary arc lamps which arc used to light dty streets are 
connected in series, and the entire current delivered by the light- 
ing generator flows through each lamp. On the other hand, if 
the electromotive force of the generator is, say, 2,000 volts and 
if there are 40 similar * lamps in series, the electromotive force 
between the terminals of each lamp will be 50 volts. 7^e electro- 
motive force of a generator is subdivided among a number of lamps 
or other units connected in series. 

The ordinary glow lamps which are used for house-lighting are 
connected in parallel between copper mains which lead out from 
the terminals of the generator, and, except for a slight drop of 
electromotive force in the mains, the full electromotive force of 
the generator acts upon each lamp. On the other hand, if the 
generator delivers, say, 1,000 amperes and if there are 2,000 simi- 
lar * lamps connected between the mains, the current in each lamp 
will be one half ampere. The current delivered by a generator is 
subdivided among a number of lamps or other umis connected in 
parallel. 

Voltaic cells are often connected in series. When this is done 
the electromotive force which is available for the maintenance of 
current is equal to the sum of the electromotive forces of the indi- 

* HkTiDg the Mine t«nsUnc«. 

D,g,l,..cbyGOOglC 



46 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

vidual cells. Figure 22 is a top view of three diy cells connected 
in series and delivering current to a circuit J?, v 

A number of voltaic cells of the same kind are often connected 
in parallel. When this is done the total current delivered by the 
set is equal to the sum of the currents deUvered by the individual 
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cells, and the electromotive force of the set is the same as the 
electromotive force of a single cell. Figure 23 is a top view of 
three diy cells connected in parallel and delivering current to a 
circuit R. 

Sometimes it is desirable to connect a number of cells in groups, 
each group containing a number of cells in series, and to connect 
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these groups of cells in parallel. Figure 24 is a top view showing 
two groups of dry cells connected in parallel, each group consist- 
ing of four cells connected in series. 

24. IMscnsslon of the division of cuirent In two branches of 
a circuit — Figure 25 shows a battery delivering current to a 
circuit which branches at the points A and B. Let / be the 
current in the main circuit, /' the current in the upper branch, 
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7" the current in the lower branch, R' the resistance oS the 
upper branch, and ^' the resistance of the lower branch. The 
product RT is the electromotive force between the points A 
and B, the product R^T' is also equal to the electromotive force 
between the points A and B, and therefore we have 

R'P~R!'P> (i2)« 

The current in the main part of the circuit is equal to the sum 
of the currents in the various branches into which the circuit 
divides. Therefore we have the equation 

i=r+r' (13)* 

It is an easy matter to determine the values of I' and /" 
[with the help of equations (12) and (13)] in terms of the total 
current / and the resistances R' and R" of the respective 
branches. It is important to note that a a definite fractional part 
of ike total current flows through each branch, and equation (12) 
shows that the currents I' and I" are inversely proportional to the 
resistances R' and R" respectively. Thu.s, if R' is nine times 
as large as R", then /" is nine times as large as /', so that 
/" must be equal to nine tenths of /, and /' must be equal to 
one tenth of /. 

25. Combined resistance of a number of branches of a dicoit. — 
{a) The combined resistance of a number of lamps or other units 
connected in series is equal to the sum of the resistances of the 
individual lamps, {b) The combined resistance of a number of 

"Eqncttoiu (n) and (13) express two principles which were fir« cnnDcialed by 
KiichhoS' aod which axt \aa»l\j called KircbhoETs Uws, as Ibllows : . 

(a) EqutiOD (IS) may be written JP'/' — *"/" = o, which means th«t the 
ttiM of the RI drops laiin in a ckoiin diralicn arooDd the mesh formed by the two 
branches of the circuit is equal to zero. This relation is true of a mcs}i of any net- 
work of condDctoTS. If one ude of the mesh contains a Toltaic cell of which the 
electnnnoliTe force is E, then the sum of the SI drops around the mesh is equal 
to E. 

(i) EqaatJoo (13) maybe written /— 7' — /" = o, which means that the toot 
of the corrents flowing Imaardi one of the branch points A ot Ba equal to zero. 
This relation may be generalized as follows : The sum of the currents flowing towards 
a bnmcb point in any netwcnk of conductors is equal to zero. 
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lamps or other units connected in parallel is equal to the recipro- 
cal of the sum of the reciprocals of the respective resistances. 
The proposition {a) is almost self-evident Proposition (3) may 
be established as follows : Let E be the electromotive force be- 
tween the points A and B where the circuit divides into a 
number of branches. Then, according to Ohm's Law, we have 

^=1 (■■) 

where R', I?' and IP' ' are the resistances of the respective 
branches, and /', /" and /" ' are the currents flowing in the 
respective branches. 

Let /be the total currentfiowing in thecircuit(=/' +/"+/"'). 
The combined resistance of the branches is defined as the resist- 
ance through which the electromotive force E between the 
branch points would be able to force the total current /. That 
is, the combined resistance is defined by the equation 

/=! (iv) 

in which R^ is the combined resistance. Adding equations (i), 
(ii) and (iii), member by member, and substituting EjR^ for 
/' -I- /" + /"', we have 

E E E E 
R-Ri+R'-.+^rrr (v) 
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S6. Typical problem In branched drcults. — The battery in Fig. 
25 has an electromotive force of 15 volts ; the battery and the 
wires which connect the battery to the points A and B have 
a total resistance of 2 ohms ; the upper branch has a resistance 
of 3 ohms (J?' = 3) and the lower branch has a resistance of 4 
ohms (J^' "■ 4) , and it is required to find : (a) the combined 
reastance of the two branches and total resistance of the circuit, 
{i>) the total current, (c) the electromotive force between the 
branch points, (d) the current in the upper branch, and {e) the 
current in the lower branch. 

(a) The combined resistance of the two branches is the recip- 
rocal of (J + J), or -^ of an ohm. Therefore the total resistance 
of the circuit through which the battery sends current is 3^ 
ohms. 

(ff) The total current is found by dividing the electromotive 
force of the battery by the resistance of the circuit, which gives 
45», amperes. 

(c) The electromotive force between the branch points is equal 
to the product of the total current by the combined resistance 
of the two branches or to 4^ amperes times i ^ ohms, which 
gives 6JJ volts. 

(d) The current in the upper branch is found by dividing the 
electromotive force between the branch points by the resistance 
of the upper branch, which gives 2^ amperes. 

(f) The current in the lower branch is found by dividing the 
electromotive force between the branch points by the resistance 
of the lower branch, which gives rj| amperes. 

87. The nse of shunts with galvaaometers and ammeters. — In 
the use of a galvanometer, or other current -measuring instrument, 
it is frequently not desirable to send the whole of the current 
which is to be measured through the instrument. In such a case 
a definite fractional part of the current may be diverted by mak- 
ing the instrument one of two branches of the circuit, as shown 
in Fig, 26a, in which A represents the galvanometer or ammeter 
5 
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and s represents the auxiliary branch. This auxiliary branch 
is called a s/tu«i. 

Exam^t. — A galvanometer (or ammeter) of which the resist- 
ance is R ohms is shunted by a resistance of Rl<^ ohms. In 
this case 99 times as much current flows through the shunt as 
through the galvanometer, that is, -j-^ of the total current flows 
through the galvanometer and y^^ of the total current flows 
through the shunt 

28. Dse of voltmeter multiplying colls. — Suppose one has 
a voltmeter which is capable of indicating the value of any elec- 
tromotive force up to a limit of 10 volts (more than 10 volts 
throws the pointer off the scale, and much more than 10 volts 
may damage the instrument). Let R be the resistance of the 




PlC- 2te. FK. Ibb- 

instniment. Let an auxiliary resistance equal to (« ~ \)R be 
connected in series with the instrument, let the combination be 
connected to an electromotive force which is to be measured, and 
let E be the reading of the instrument ; then the value of the 
electromotive force is equal to nE. This is evident if we con- 
sider that a definite deflection on the voltmeter means a deflnite 
current flowing through the instrument Let this current be 
represented by /, Then the electromotive force between the 
terminals of the instrument is RI and this is the electromotive 
force which is indicated by the instrument reading, whereas 
the electromotive force between the terminals of the combination 
is equal to the product of the current times the resistance of 
the combination, or nRI, 

29. TJbo of a standard shunt and a miUlToItmeter, combined, as 
an ammeter, — A millivoltmeter is a voltmeter for reading very 



byGoogIc 



RESISTANCE AND ELECTROMOIIVE FORCE. 5 1 

small electromotive forces, and it is called a millivoltmeter because 
its scale reading indicates the value of an electromotive force in 
millivolts (one millivolt equals one one-thousandth of a volt). 
The current / to be measured flows through a known low resist- 
ance a, and the electromotive force between the terminals of 
this resistance is measured by means of a millivoltmeter as indi- 
cated in Fig. 26*. If the value of Ji is one one-thousandth of an 
ohm, then the reading of the millivoltmeter in millivolts is the 
value of the current in amperes. If the value of Ji is one one- 
hundredth of an ohm, then the reading of the millivoltmeter in 
millivolts must be divided by 10 to give the value of the current 
in amperes. If the value of .S is one tenth of an ohm, then 
the reading of the millivoltmeter in millivolts must be divided by 
roo to give the value of the current in amperes. It is evident 
from the connections shown in Fig. 26^ that the total current is 
equal to the current in the known resistance R plus the current 
flowing through the millivoltmeter ; but inasmuch as the resist- 
ance of the millivoltmeter is always quite large, the current which 
flows through it is vety small and is always negligible in com- 
parison with the current which flows through R. The resistance 
Ji in Fig. 26d forms a shunt to the millivoltmeter and the combi- 
nation exemplifies the matter which is discussed in Art. 27. 

Problems. 

13. A current of O-S ampere flowing through a glow lamp 
generates 150 calories of heat in 10 seconds, (a) Required the 
resistance of the lamp in ohms. (^) What power is expended in 
the lamp? Express in watts and in horse-power. Ans. (a) 252 
ohms ; {6) 63 watts or 0.0844 horse-power. 

14. A wire having a resistance of 250 ohms is coiled in a 
vessel containing 2,000 grams of oil of which the specific heat is 
0.60. The vessel itself weighs 200 grams and its specific heat 
is 0.095. A current of r. 5 amperes is passed through the coil of 
wire. How long will it take to raise the temperature of the oil 
and the vessel one centigrade d^ree ? Ans. 9. 1 1 seconds. 
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15. The field coil of a dynamo contains 25 pounds of copper 
(specific heat 0.094), weight of cotton insulation negligible. The 
resistance of the coil is 100 ohms, (a) At what rate does the 
temperature of the coil begin to rise when a current of 0.5 
ampere is started in the coil ? {i) How long would it take for 
the temperature of the coil to rise to 20° C. if no heat were 
given off from the coil by radiation ? Ans. {a) 0.02345 centi- 
grade degree per second ; {6) 14.2 minutes. 

16. A given spool wound full of copper wire 60 mils in diameter 
has a resistance of 3.2 ohms. An exactly similar spool is wound 
full of copper wire 1 20 mils in diameter. What is its resistance ? 
Ans. 0.2 ohm. 

17. What is the resistance at 20° C. of 2 miles of commercial 
copper wire 300 mils in diameter? Ans. 1.22 ohms. 

18. What is the resistance at 20° C. of one mile of a conductor 
consisting of seven copper wires each 40 mils in diameter? 
Ans. 4.9 ohms. 

19. Find the resistance at 20° C, of a copper conductor 100 
feet long, having a rectangular section 0.5 x 0.25 inch. Ans. 
0.00653 ohm. 

20. A sample of commercial copper wire 3 feet long and 120 
mils in diameter is found, by test, to have at the same tempera- 
ture a resistance equal to that of 26.2 inches of pure copper wire 
100 mils in diameter. Find the ratio of the specific resistance of 
the sample to the specific resistance of pure copper. Ans. l .048. 

21. What is the resistance at 20° C. of a steel rail 30 feet long 
weighing 900 pounds ? The specific gravity of the steel is 7.8. 
Ans. 0,000191 ohm. 

22. What is the resistance at 20° C. of an iron pipe 120 feet 
long having I inch inside diameter, and 1} inches outside diam- 
eter? The pipe has seven joints, and each joint is assumed to 
have the resistance of one foot of pipe. Specific resistance 
assumed to be the same as rail steel. Ans. 0.01536 ohm. 
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23. A pure copper wire, 2,000 feet long weighs 125 pounds. 
What is its resistance at 20° C. How will its resistance be 
changed by doubling the length without changing its weight? 
The specific gravity of copper is 8.9. Ans. i.oi ohms. 

24. The specific resistance of carbon such as used for arc lamps 
is about 2,400 times as great as that of pure copper. Find the 
watts lost, that is, find Ri*, in the two carbons of an arc lamp, 8 
inches of each carbon being in circuit, the carbon being } inch in 
diameter, and the current passing through the lamp being 9.6 
amperes. Ans. 12.3 watts. 

25. A column of a i J per cent solution of CuSO^, i meter 
long, having one square millimeter section, has a resistance of 
260,000 ohms. An electrolytic cell of this solution has two flat 
electrodes, 30 x 30 centimeters, 2. s centimeters aparl Calculate 
the current due to 2 volts between electrodes, allowing 0,2 volt 
for polarization. Ans. 27.7 amperes, 

26. A copper transmission line has a resistance of S ohms at 
20° C. What is its resistance at 90° C? Ans. 6.297 ohms, 

tfatt. — The diflerence b«tiT«en the tempenlure coefficient of resistance ofa metal 
eipresaed u a Traction of its redstaoce at o" C and its temperature coefficient 
expressed as a fraction of Its resistance at any otiier temperature not greatly diFTerent 
from 0° C. is less than the variations of tbe temperature ci>eflicient for diSerent 
samples of the same (commercial) metal, and therefore it is ridiculous to insist on 
the refined calculations which grow out of tbe above-menlioned diFTcrence, The 
answers to all temperataTe-resistance problems in this collection are, however, found 
by tlie correct (arithmetically correct 1) method. The formula is 

27. A wire has a resistance of 164.8 ohms at 20° C. and a 
resistance of 186.2 ohms at 70° C, What is the mean tempera- 
ture coefficient? Ans. 0.002739. 

28. The field coil of a dynamo has a resistance of 42,6 ohms 
after the dynamo has stood for a long time in a room at 20° C. 
After several hours' running the resistance of the coil is 51.6 
ohms. What is its temperature? Ans. 76,5°. 

28. A platinum wire has 254 ohms resistance at 0° C. When 
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placed in a furnace its resistance is 1,630 ohms. What is the 
temperature of the furnace ? Ans. 1,531°. 

30. A platinum wire which has 254 ohms resistance at 
0° C. has a resistance of 8 1 ohms when placed in a bath of 
liquid air. What is the temperature of the liquid air? Ans. 
- I92°.S- 

31. A glow lamp has a resistance of 220 ohms at a tempera- 
ture of 1,000° C. (a bright red heat). At 20° C. its resistance is 
277 ohms. What is the mean temperature coefficient of the 
carbon filament ? Ans. — 0.0002 1 . 

32. The temperature coefficient of a given metal is 0.004 P^r 
degree centigrade when expressed in terms of the resistance of the 
metal at 0° C. Find the temperature coefficient per degree 
Fahrenheit expressed in terms of the resistance at 0° F. Ans. 
0.00239 P^"" degree F. 

Nett. — AssDOte ■ wire of the given metal of whidi the resistance at 0° C i* one 
obm and calcalate its Tenstaoce /"at — 17.78° C (equals 0° F.). The letdpeia- 
ture coefRcicDt per degree cenHgiade eipieascd in terms of tbe resistance at — 17.78° 
C. is greater tbui tbe temperature coefficient per degree centigrade expressed in lemu 
of tbe re^tance at 0° C. in the ratio of ^ to imity and this result must be divided 
by 1.8 to get the coefficient per degree Fahrenheit in terms of the resistance at 0= F. 

83. Practically all of the energy of the chemical action which 
takes place in the gravity cells goes to maintain the current pro- 
duced by the cell. When one gram of powdered zinc is stirred 
into a solution of copper sulphate 756 calories of heat are gener- 
ated. Calculate the electromotive force of the Daniell cell. 
Ans. 1.07 volts. 

Note. — Assume the current of one ampere and find tbe Iraction of a gram • of line 
which would be deported by this current per second. This is tbe amount of nnc 
which is consumed per second by voltaic action. Find the number of calories of heal 
represented by the reaction of % grams of zinc with copper sulphate, and reduce Ibis 
result to joules. We thus find the number oFjoules per second developed by tbe vol- 
taic action which is produced when one ampere flows through tbe cell and this is 
equal to tbe desired electromotiTe force in volts. 

34. A fan blower develops between its inlet and outlet a pres- 
sure-diflerence of three fourths pound per square inch. When 
the outlet is open the fan delivers 20 cubic feet of air per second. 
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At what rate does the fan do work in delivering this air ? Ans. 
2,i6o foot pounds per second. 

Neti. — Redace tlie prdSDie-diScTeiice to ponods per •qnwe foot uid theo the 
unit in teniu of which the remit is eipreued will be at ooce crident. 

35. When a certain electric generator is giving out no current 
it takes 1,75 horse-power to drive it When the generator de- 
livers a current of 150 amperes it takes 25 horse-power to drive 
it Assuming that the increased power is all used in the main- 
tenance of the I so amperes of current, find the electromotive 
force of the generator. Ans. 1 1 S-7 volts. 

36. An incandescent lamp takes 0.6 ampere when the electro- 
motive force between its terminals is i ro volts. Find the power 
delivered to the lamp in watts and in horse-power. Ans. 66 
watts or 0,0884 horse-power. 

87. In the electrolytic refining of copper an electromotive force 
of 0.3 of a volt suffices to send the current through the electro- 
lytic cell irt which the pure copper is deposited. Calculate the 
number of kilowatt-hours required to deposit a ton of pure 
copper. Ans. 230 kilowatt-hours. 

Nett. — See data on pages 23 and 34. 

38. In the electrolytic manufacture of aluminum by electrolysis 
an electromotive force of 5.5 volts suffices to send the current 
through the electrolytic cell in which the metallic aluminum is 
deposited. Find the number of kilowatt-hours required for the 
production of one ton of aluminum. Ans. 14,810 kilowatt-hours. 

Nett. — One kilowatt continuoualf for one year costs from f ao to (40 when 
dereloped on a large icale by water power. See data on pages 23 and 24. 

39. When electrical energy costs 15 cents per kilowatt-hour 
how much does it cost to operate, for 10 hours, a glow lamp 
which takes \ an ampere from iio-volt mains? Ans. 8^ cents. 

40. An electric motor which delivers 5 horse-power at its belt 
has an efficiency of 8 5 per cent This motor is supplied with cur- 
rent from I lo-volt mains. What current does it take? Ans. 
39.89 amperes. 
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41. A fine copper wire wound in one kyer upon a pane of glass 
is submerged in an oil-bath and a measured current / is allowed 
to flow through the wire causing the temperature of the bath to 
rise slowly. A voltmeter is connected across the terminals of the 
coil of copper wire and simultaneous readings of current / in 
the coil, electromotive force B across the terminals of the coil 
and temperature T of the bath were taken as follows : 
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Calculate the resistance of the wire at each observed temperature, 
and plot a curve of which the abscissas represent observed tem- 
peratures and of which the ordinates represent the calculated 
values of the resistance of the wire. 

48, An electrolytic cell, consisting of a one per cent solution 
of sulphuric acid between lead electrodes, was connected to 
supply mains, and the following values of current / flowing 
through the cell, electromotive force E between the electrodes, 
and temperature T of the solution wete observed. Calculate 
the resistance of the cell at each temperature, and plot a curve 
of which the abscissas represent temperatures, and of which the 
ordinates represent the corresponding calculated resistances of 
the cell. 
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Nute. — The resistance of the cell id this problem is to be cilculsted bj means of 
Ohm's Ijiw. Ohm's Law, hovever, U Dot stricllf applicable in this case, because a 
portion of the work which is done on tbe cell is used to prodoce chemical actioD, 
whereas Ofam's Law is true oal; in case all the wott delivered to a dreoit i* spent in 
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heating the circuit in accordance with Joule's Law. This nutter nwy be stated in 
another way, as follows ; A certain portion of the observed electromotive force is 
osed to produce chemical action, and the remainder ii used to overcome the re- 
ustance of tbe electrolyte in accordance with Ohm's Law. The portion of the 
electromotive force which is used to produce chemical action is about a or a)i 
volts, so that bat little error is introduced by ignoring this eSect and assuming that 
the whole of the electromotive force is used to overcome resistance in accordance 
with Ohm's Law. 

43. A coil of which the resistance is to be detennined is con- 
nected in series with an ammeter across I lo-volt mains, and the 
current is observed to be 26 amperes. What is the resistance of 
the coil ? Ans. 4,23 ohms. 

44. A wire of which the resistance is 1 50 ohms is connected 
to the terminals of a 1 1 o-volt dynamo, and a point on this wire 
is grounded, the resistance between the positive terminal of the 
dynamo and the grounded point being 60 ohms. Choosing the 
ground as the region of zero potential, find the potential of each 
terminal of the dynamo. Ans. The potential of the positive 
terminal is + 40 volts, and the potential of the negative terminal 
13—60 volts. 

46. A voltaic cell of which the electromotive force is i .07 volts 
and the resistance is 2. i ohms is connected to a coil of 5 ohms 
resistance, [a) What current is produced ? {d) What is the elec- 
tromotive force drop in the cell ? (c) What is the electromotive 
force between the terminals of the cell? Ans. (a) 0.15 ampere, 
(i) 0.32 volt, (c) 0.7s volt 

46. A storage battery consisting of 54 cells connected in series 
has a resistance of 0.0002 ohm per cell, and an electromotive 
force per cell which ranges from 2 volts at the beginning to 1.85 
volts at the end of the discharge. The battery supplies current 
to 100 glow lamps (each having 220 ohms resistance) connected 
in parallel between copper wires 0.325 inch in diameter at a dis- 
tance of 200 feet from the battery. Find the electromotive force 
between the terminals of the group of lamps at the beginning 
and at the end of the discharge of the storage battery. Ans. 
105.6 volts and 97.7 volts. 
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47. The electromotive force of a battery is I s volts (measured 
on open circuit). The battery terminals are connected by a wire, 
when it is observed that a current of 1.5 amperes is produced 
and the electromotive force between the battery terminals is 9 
volts. Find the resistance of the wire and the ^parent resistance 
of the battery. Ans. 6 ohms and 4 ohms. 

Nolt. — Wben t voltaic cell is oiled upon to ^ve cnircDt, the teminal voltage of 
the cell fall) off, not only on accouDt of the ri drop in the cell, but also on account 
tA what il called polirization. This problem is to be soWed on the tsumption that 
the whole of the decrease in terminal voltage is due to ri drop. The value of the 
resistance as calculated on this assamption it greater than the true resistance of the 
battery. 

48. Find the total electromotive force that must be induced in 
a dynamo armature to send a chai^ng current of 100 amperes 
through a storage battery consisting of 54 cells connected in 
series. Each cell has an average counter electromotive force of 
2.3 volts, the resistance of each cell is 0.0004 ohm, the resistance 
of the dynamo armature is 0.02 ohm, and the resistance of the 
leads is 0.03 ohm. Ans. 131.36 volts. 

49. A dynamo having an electromotive force of 115 volts 
between its terminals delivers 200 amperes to a group of glow 
lamps 1 ,000 feet distant from the generator. Find : (a) the size 
of copper wire for the mains in order that 9S per cent of the 
power output of the generator may be delivered to the lamps ; 
(S) the electromotive force between the mains at the lamps. 
Ans. {a) 792,300 circular mils; (i) 109.25 volts. 

50. What size of copper wire is required to deliver current at 
1 10 volts to a lo-horse-power motor of 85 per cent, efficiency, 
the motor being 2,000 feet from the generator, and the electro- 
motive force between the generator terminals being 125 volts. 
Ans. 221,200 circular mils. 

51. A motor receiving lOO kilowatts of power is at a distance 
of 1 5 miles from the generator. Line wires 200 mils in diameter 
are to be used. The line loss is to be 10 per cent of the gener- 
ator output Find : [a) the current ; iV) the voltage at the gen- 
erator, and (r) the voltage at the motor. Ans. (a) i6.44ampere5; 
[b) 6,763 volts; (c) 6,087 volts. 
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fhtt. — High-roltsge diiect-cnrTcnt power tnuumuiioii is not moch osed id Amer. 
iau piactke. 

58, A motor using loo kilowatts of power is lo miles from 
the generator. Line wires 200 mils in diameter are to be used. 
What electromotive force is required at the generator in order 
that the Une loss may be only 5 per cent, of the output of the 
generator? Ans. 7,602 volts. 

53. A direct-reading voltmeter V, Fig. 27, having i6,ocx) 
ohms resistance, is connected from main A to earth. The volt- 
meter gives a reading of 2.6 volts and the electromotive force 
between the mains is 1 10 volts. 
Find the insulation resistance 
between main B and the earth 
on the assumption that the in- 
sulation resistance of main A 
is : [cC) infinite ; {p) the same as 
that of main B ; {c) one tenth 
of that of main B, Ans. {a) 
660,900 ohms ; (S) 644,900 
ohms ; {c) 500,900 ohms. 

M. Three resistances A, B and C of which the values are 
500 ohms, 200 ohms and 1.2 ohms, respectively, are connected 
to a battery of n^ligible resistance, the electromotive force of the 
battery being 2 volts. The connections are made so that the 
whole current produced by the battery flows through A, then 
divides and passes through B and C in parallel, and returns to 
the battery. Calculate the total resistance of the circuit, the total 
current, the current in B, the current in C, the electromotive 
force between the terminals of A, and the electromotive force 
between the terminals of B (or C). Ans. 501.19 ohms, 
0.00399 ampere, 0.000024 ampere, 0.003966 ampere, 1.995 
volts, 0.005 ™It, in order. 

i&. Three resistances of 4, 4 and 2 ohms respectively are con- 
nected in parallel ; and two resistances of 6 and 3 ohms in parallel. 
The 6rst combination is connected in series with the second, and 
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with a battery of three volts electromotive force and negligible 
resistance. What is the current in the 2-ohm and 3-ohm resist- 
ances ? Ans. 0.5 ampere, 0.66 ampere. 

66. Six voltaic cells, each having a resistance of 2 ohms, are 
connected to a coil of which the resistance is j ohms. What is 
the total resistance of the circuit : (a) When the 6 cells are con- 
nected in series, (^) when the 6 cells are connected 2 in parallel 
by 3 in series ; (c) when the 6 cells are connected 3 in parallel 
by 2 in series ; and {d) when the 6 cells are connected in paral- 
lel? Ans. (a) 17 ohms, (d) 8 ohms, (c) 6^ ohms, and {d) 5 J 
ohms. 

The electromotive force of each cell is 1.6 volts. What current 
is produced in the coil in each of the above cases? Ans. (a) 0.57 
ampere, (d) 0.6 ampere, {'^)o.5 ampere, (d) 0.3 ampere. 

JVele. — When n voltaic cells are conuected in series, their combined electrtHnolin 
force is itE, vhere £ is the electromotive force of one cell. 

67. A direct-reading ammeter has a resistance of 0.05 ohm. 
The instrument is provided with a shunt so that the total current 
passing through the instrument and shunt is 10 times the ammeter 
reading. What is the resistance of the shunt? Would it be 
practicable to construct such a shunt, measure its resistance by a 
Wheatstone's bridge, and connect it to the ammeter terminals ? 
If not, how could such a shunt be accurately adjusted? Ans. 
0.00556 ohm. 

68. A millivoltmeter has a resistance of 15,4 ohms. What 
resistance must be connected in series with the instrument so that 
the scale reading may give volts instead of millivolts? Ans. 
15,384.6 ohms. 

69. The scale of a direct-reading millivoltmeter has 100 divis- 
ions, each division corresponding to one millivolt between the 
terminals of the instrument. This instrument is connected to the 
terminals of a low resistance shunt and each division of the scale 
corresponds to 0.25 ampere in the shunt Whatisthe resistance 
of the shunt ? Ans, 0.004 ohm. 
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CHAPTER HI. 
THE MAGNETISM OF IRON. 

30. Ferroniagnetism and electromagnetlsm. — There are two 
distinct groups of magnetic phenomena, namely, (a) the phe- 
nomena of ferromagneHsm, that is to say, the phenomena which 
are associated with magnetized iron and steel, and {K) the phe- 
nomena of eleciromagnetism, that is to say, the magnetic phe- 
nomena which are exhibited by the electric current in the ab- 
sence of iron and steel. In developing the subject of magnetism 
it is necessary to study ferromagnetism first because the phe- 
nomena of ferromagnetism are much more familiar than the 
phenomena of electromagnetism ; in fact, the phenomena of 
electromagnetism are comparatively obscure, and, in many cases, 
almost imperceptible, except when they are enhanced by the 
presence of iron. Thus, a dynamo or an induction coil would 
operate if all its iron parts were removed, but the effects pro- 
duced would be so slight as to be almost imperceptible. Practi- 
cally, therefore, the phenomena of ferromagnetism and the phe- 
nomena of electromagnetism are inextricably associated with each 
other. In the rational study of magnetism, however, a considera- 
tion of the phenomena of the magnetism of iron leads to the all- 
important conception of the magnetic field, and the subject of 
electromagnetism is then developed on the basis of this concep- 
tion as exemplified in Chapters IV, V, and VI. 

The magnet, — The name magnet was originally applied to the 
lodestone, a mineral composed of iron oxide, which, in its native 
state, possesses the power of attracting iron. 

The electromagnet. — One aspect of the magnetic effect of the 
electric current, as described in Art. I and as shown in Fig. 2, is 
that an iron rod which is wound with an insulated wire becomes 
a magnet when an electric current is sent through the wire. 
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Such an iron rod with its winding of wire is called an electro- 
magnet. The iron rod is called the core, the coil of wire is called 
the ivinding, and the electric current which flows through the 
coil is called the exciting current of the electromagnet 

Tke permanent magnet. — When the core of an electromagnet 
is made of soft iron it loses * its magnetism very quickly and 
almost completely when the exciting current ceases to flow. 
When the core of an electromagnet is made of hardened steel, 
however, it retains its magnetized condition very persistently after 

tthe exciting current has ceased to flow, and of course 
such a bar of magnetized steel may be removed from 
the magnetizing winding. A steel bar magnetized in 
this way is called a permanent magnet A perma- 
nent magnet, so-called, loses its magnetism more or 
less rapidly when it is subjected to mechanical shocks 
or temperature changes. 
Poles of a magnet. Compass. Naming tke poles. — 
Certain parts only of a magnet possess the power of 
■ attracting iron. These parts of a magnet are called its 
poles. The poles of a bar magnet, for example, are 
usually at its ends. Thus, Fig. 28 shows a bar mag- 
net with iron filings clinging to its ends, A horizontal magnet 
which is free to turn about a vertical axis places itself, at most 
places on the earth approximately north and south. This beha- 
vior of a magnet is exemplified in the ordinary magnetic com- 
pass which consists of a pivoted magnet playing over a divided 
circle. The terms magnetic north, magnetic east, etc., are occa- 
sionally used in referring to the cardinal points of the compass 
as indicated by the compass needle. 

The north pointing pole of a magnet is called its north pole, 
and the south pointing pole of a magnet is called its south pole. 
Mutual force action of two magnets. — When a magnet is sud- 
denly brought near to a compass, the compass needle is set more 
* Except when th« core is long and aliin, or wheo the core is ptil of ■ complete 
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or less violently into motion (coming quickly to rest) because of 
the force which the magnet exerts on the compass needle. In 
general, any two adjacent magnets exert forces on each other, 
and this mutual force action is always resolvable into four parts, 
namely, the force with which each of the poles of one magnet 
acts upon each of the poles of the other magnet The north pole 
of each magnet attracts the south pole of the other magnet, the 
north poles of both magnets repel each other, and the south 
poles of both magnets repel each other. Unlike magnetic poles 
attract each other, like magnetic poles repel each other, 

31. Distributed and concentrated magnet poles. — The poles of 
a magnet, that is, the seats of the attracting and repelling forces 
above described, are distributed over considerable portions of the 
bar, generally the end portions. This is especially the case with 
short thick bars. In the case of long slim magnets, however, the 
poles are ordinarily more nearly concentrated at the ends of the 
bar. In the first case we have what are called distributed poles, 
and in the second case we have what are called concentrated poles. 
The laws of attraction and repulsion of magnets are quite simple 
for long slim magnets with concentrated poles, and the ideal slim 
magnet with concentrated poles will be made use of in the follow- 
ing development of the fundamental ideas relating to the mag- 
netism of iron and to the magnetic action of the electric current. 

32, Strength of a magnet pole. — The poles of a magnet may 
attract iron with greater or less force 
according to the size of the magnet 
and according to the thoroughness 
with which the magnet has been 
magnetized. The poles of a magnet 
are said to be strong when they at- 
tract iron or steel with a relatively 
great force. Consider a pair of long 

slim magnets a. Fig. 29, another pwr b, another pair c, another 
pair d, and so on, l^e two magnets of each pair being exactly 
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alike. It is possible to select, from such a set, two similar magnets 
of which the two north poles, for example, repel each other with a 
force of one dyne when they are one centimeter apart. Each of 
the poles is then said to be of one unit strength, and the strength 
tn of any other pole is equal to the force in dynes with which this 
other pole is acted upon by a unit pole at a distance of one centi- 
meter. The force with which two poles, of strengths m' and «", 
respectively, attract each other when they are at a distance of one 
centimeter apart is m'm" dynes. This is evident when we con- 
sider that each of the m' unit poles, which may be thought of as 
being combined to give the pole m', attracts each of the »i" unit 
poles which may be thought of as being combined to give the 
pole »w", with a force of one dyne. 

33. Coulomb's law. — The force of attraction or repulsion of 
two magnet poles is inversely proportional to the square of the 
distance between them. This fact was discovered in 1800 by 
Coulomb, who measured the force of attraction of two magnet 
poles at different distances apart and found the force to vary 
inversely with the square of the distance. A long slim magnet 
was suspended horizontally by a wire, thus forming a torsion 
pendulum. One of the poles of another long slim magnrt was 
brought near to one of the poles of the suspended m^net, the 
force action between the two poles produced a twist in the 
suspending wire, and the value of the force was determined from 
the observed amount of twist, 
n Complete expression for the force of attraction of two magnet 
poles. — According to the previous article, two poles attract or 
repel each other with a force of m'm" dynes when they are one 
centimeter apart, therefore, according to Coulomb's Law, the 
poles attract or repel each other with a force of «('w"/r* dynes 
when they are r centimeters apart ; that is, 

„ m'm" , , 

F- -^r- CS) 

in which ot* and w" are the respective strengths of the two 
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magnet poles, r is their distance apart in centimeters, and F is 
the force in dynes with which they attract or repel each other. 

Algebraic sign 0/ magnet foU. — The poles tn' and «" are 
alike in sign when both are north poles or when both are south 
poles. On the other hand, m' and m" are unlike in sign 
when one is a north pole and the other is a south pole. It is 
customary to consider a north pole as positive and the south 
pole as negative. The force in equation (15) is considered as 
positive when it is a repulsion. 

Two polts (^ a magnet always equal in strength and opposite in 
sign. — The behavior of a magnet in what is called a uniform 
magnetic field, as described in Art. 41, shows that the poles 
of a magnet are always equal in strength and opposite in sign. 
A bar of steel may be irregularly magnetized so as to have one 
or more north poles and one or more south poles, but the sum 
total of the north polarity is equal to the sum total of the south 
polarity. When a magnet is broken in two, each piece is found 
to be a complete magnet with a north pole and a south pole. 
Jt is often convenient, nevertheless, to speak of an isolated magnet 
pole, meaning one pole of a very long magnet, the other pole being 
so far away as to be negligible in its effects. 

34. Magnetic figures. The magnetic field, — When iron filings 
are dusted upon a pane of glass which is placed over a magnet, 
the filings tend to arrange themselves in regular filaments. Slight 
tapping of the glass facilitates the arrangement of the filings. 
Figure 30 is a photographic reproduction of a magnetic figure 
obtained in this way. This magnetic figure conveys the idea that 
something emanates from one end of the magnet, traverses the 
surrounding region in beautifully curved lines, and enters the 
other end of the magnet. In fact, the entire region surrounding 
a magnet is in a peculiar physical condition as is shown by the 
behavior of a compass needle when the compass is brought into 
the neighborhood of a large magnet 

Wherever a compass may be placed in the neighborhood of a 
magnet, the compass needle points in a definite direction, the 
«S 
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same direction, indeed, as would be taken by filaments of iron 
filings at that place. Any region in wkicit a compass needle 
tends to point in a definite direction is called a magnetic field, and 



the direction of the compass needle [arrow-head thought of as being 
at the north-pointing end of the needle) is the direction of the field 
at the place where the compass is located. 

The filaments of iron filings in a magnetic figure shown in 
Fig. 30 indicate the trend of what are called the lines of force of 
the magnetic field. A line of force is at each point in the direc- 
tion of the field at that point. 

Example. — The fine parallel lines in Fig. 31 represent the 
lines of force of a magnetic 
field in which a bar magnet 
NS is placed, and the heavy 
arrows /"/^represent the forces 
with which the field acts on the 
two poles of the magnet tend- 
ing to turn it into the direc- 
tion of the field. 

85. Intensity of s magnetic field at a point. — A magnetic field 
has been defined as a region in which a compass necdlq tends to 
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point in a definite direction, and the tendency of the needle to 
point in a definite direction is due to the fact that equal * and op- 
posite forces FF, Fig. 31, are exerted on the two poles of a 
magnet by the magnetic field, that is to say, a magnetic field is a 
region in which a magnet pole is pulled in a definite direction 
(the direction of the field in the case of a north pole, the oppo- 
site direction in the case of a south pole). The force H, in 
dynes, which acts upon a unit magnet pole when it is placed at 
a given point in a magnetic field is adopted as the numerical 
measure of the intensity of the field at the point This force-per- 
iinit-pole -H is hereafter spoken of simply as the intensity of 
the field. The unit of magnetic field intensity (one-dyne-per- 
unit pole) is called the gauss. 

Complete expression far the force with which a magnetic field 
acts on a Tnagnet pole. — The force with which a magnetic field 
acts upon a magnet pole of tn units strength is m times as great 
as the force H with which the field acts upon a unit pole placed 
at the same point. Therefore 

F=mH (16) 

in which F is the force in dynes which acts upon a magnet pole 
of strength m when it is placed in a magnetic field of which the 
intensity is H gausses. 

Uniform and non-uniform fields. — A magnetic field is said to 
be uniform or homogeneous when it has at every point the same 
direction and intensity, otherwise, it is said to be non-uniform or 
non-homogeneous. The earth's magnetic field is in many places 
sensibly uniform throughout a room. The magnetic field sur- 
rounding a magnet is non-uniform. The magnetic field surround- 
ing an electric wire is non-uniform. 

36. Direction and Intensity of the magnetic field sUToniidlng an 
Isolated magnet pole. — Consider the poles of two magnets of 
which the strengths are M and m, respectively, as shown in 

*TIus sUtcmeot refers to the case in vbich (he field is nnifoim, as will be mcd 
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Fig. 32. The force F with which the pole M repels the pole 
m is given by equation (15), namely, F'BcMmjr', but the force 
which acts upon the pole m is equal to mH where H is the 



C^' 



■-T 



intensity at m of the magnetic field wliich is due to' the agent 
which is exerting the force on m, that is, where H is the inten- 
sity of the field at m due to M. Therefore mH^F^Mtnji*, or 

«-^ (.7) 

in which H is the intensity in gausses of the magnetic field at a 
point distant r centimeters from an isolated m^net pole of 
which the strength is M. In the neighborhood of a north pole 
the magnetic field is directed away from the pole and in the 
neightiorhood of a south pole the magnetic field is directed 
towards the pole. This is evident when we consider that the 
direction of the field is indicated by the direction in which a com- 
pass needle would point, arrow-head being supposed to be on 
the north -pointing pole of the needle. 

37. Representadon of magnetic field Intensity at a paint by 
means of a line. — The magnetic field intensity at a point, like 
the velocity of a fluid at a point, may be represented by a line 
drawn in the direction of the field at the point, the length of the 
line being such as to represent the intensity of the field at the 
point to a convenient scale. 

Composition of magnetic fields. — Consider two agents which 
acting singly produce magnetic fields whose respective directions 
and intensities at a point / are represented by the lines l and 2 
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in Fig. 33tf. These two agents acting togeOur produce a mag- 
netic field at / which is represented by the line 3 which is the 
resultant of I and 2. 

Resolution of a magnetic field into components. — Consider a 
magnetic field whose direction and intensity at a point /, Fig. 





33*, is represented by the line R. It is oftgi convenient to con- 
sider that part of the field which acts in a given direction ; thus, 
H, Fig. 33^, is called the horizontal component of R, and V 
is called the vertical component of R. 

38. Mimetic flux. — Let a (expressed in square centimeters) 
be an area at right angles to the velocity of a moving liquid and 
let V (expressed in centimeters per second) be the velocity of 
the liquid. Then av is the flux of the liquid across the area in 
cubic centimeters per second. Thus, if v is the velocity of 
liquid in a pipe and a is the sectional area of the pipe, then av 
is the number of cubic centimeters of liquid discharged per 
second by the pipe. 

Similarly, the product of the intensity H ol a magnetic field 
and an area a at right angles to H is called the magnetic flux 
across the area ; that is. 

<b = aH (18) 

in which * is the magnetic flux across an area of a square centi- 
meters which is at right angles to a magnetic field of which the 
intensity is H gausses. 

Representation of the magnetic flux across an area by the number 
of lines of force winch pass through the area. Imagine a surface 
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drawn across a magnetic field, the surface being at each point at 
right angles to the field. Of course, this chosen surface will be 
curved if the lines of force arc not parallel straight lines, which, 
in general, they are not Imagine lines of force drawn through 
the field so that the number of lines which pass through each 
square centimeter of this surface is equal to the intensity of the 
magnetic field at that part of the surface. Then the magnetic flux 
passing through any area anywhere in the field will be equal to 
the number of these lines that cross that area. The unit of flux 
(that is, the flux across a square centimeter at right angles to a 
field of which the intensity is one gauss) is therefore called the 
hne of farce or simply the line, and a magnetic flux is usually 
specified as so many lines. The name maxwell has, however, been 
internationally adopted as the name for the unit of magnetic flux. 
39. Total magnetic flax emanating from a magnet pole of strengdi 
H. Proposition. — The number of lines of force (the number of 
maxwells of flux) which emanate from a magnet pole of strength 

* = \irM (19) 

Proof. — Imagine a spherical surface of radius r drawn with 
the pole M at its center, as rep- 
resented by the dotted line in Fig. 
34. The area of this spherical 
surface is 4w^ (neglecting the 
small portion of the sphere which 
falls inside of the material of the 
slim magnet at the point B) ; the 
magnetic field at the spherical 
surface due to the pole M is 
everywhere at right angles to 
the surface, and its intensity is ev- 
erywhere equal to Ml^, according to equation (17). Therefore, 
according to equation (18), the magnetic flux 4> across the spher- 
ical suriace is equal to ^ttt^ times Ml**, which is equal to ^trM. 
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General relation between pole strength and flux. — A magnet 
pole may be defined as a place where magnetic lines of force pass 
from iron into air (north pole) or from air into iron (south pole). 
A piece of iron may be magnetized 
so that the magnetic flux does not 
pass out of the iron. In such a 
case, there are no magnetic poles. 
Thus, the iron ring shown in Fig, 
35 has no magnetic poles when it 
is magnetized by a current flowing 
through the winding of wire. 

The relation between pole strength 
and magnetic flux which is given in 
equation (19) is entirely general; 

47rw( lines of force emanate from any north pole of which the 
strength is m, whatever the shape and size of the pole may be ; 
and iprm lines of force converge upon any south pole of which 
the strength is m. 

40. Magnetic field In the neighborhood of a long slim pole. — 
Consider a long slim magnet having one of its poles spread uni- 
formly over / centimeters of its end, as indicated by the shaded 
area in Fig. 36, 

The lines of force emanate from this uniformly distributed pole 
in planes at right angles to the axis of the rod as indicated by 



the fine lines in Fig. 36, and the intensity H of this field at a 
point distant r centimeters from the axis of the rod is 
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(20) 



in which »i// is the pole strength per unit length of the shaded 
area in Fig. 36, and H is the field intensity in gausses at a point 
r centimeters from the axis of the rod. 

Proof, — Imagine a cylindrical sur&ce of radius r to be drawn 
with its axis coincident with the axis of the rod, as shown by the 
dotted lines in Fig. 36. The area of this cylindrical surface is equal 
to "Zirrl, and, inasmuch as the magnetic field at this cylindrical sur- 
face is everywhere at right angles to it and everywhere the same 
value, the magnetic flux through this cylindrical surface is equal to 
2itrl X H according to equation ( 1 8). This is the total magnetic 
flux emanating from the pole, and it must be equal to ^irm 
according to equation (19), so that we have zirrlH ^ ^tnn» 
whence H^zmjrl. In this discussion the non-uniformity of 
the magnetic field near the ends of the long slim pole is ignored; 
in fact, the effect of this non-uniformity is negligible if r is small 
in comparison with the length / of the slim pole. 

The above formula expressing the field intensity at a distance 
from a long slim pole applies also to the case of the pole which is 
distributed along the edge of a steel ribbon which is magpietized 
crosswise as shown in Fig. 37. In this case, however, the 



actual magnetic field at any given point p is the resultant of the 
fields due to the poles along both edges of the strip. 
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41. Bdiavlor at a magnet in a unifonn magnetic field. — A bar 
of steel weighs the same before and after being magnetized 
(earth's field being uniform), and the fiber by which a magnet is 
suspended hangs vertically (earth's field being uniform). Any 
force tending to produce translatory motion of a magnet would 
cause it to weigh more or less after magnetization than before, 
or would tend to cause a suspending fiber to be out of plumb. 
Therefore the forces with which the uniform magnetic field of the 
earth acts upon a magnet do not tend to produce translatory 
motion, the force which acts on the north pole of the magnet is 
equal in value and opposite in direction to the force which acts 
upon the south pole of the magnet, as indicated in Fig. 38, and 
therefore the poles of the magnet are equal in strength and 
opposite in sign. 

Consider a magnet of length / placed in a uniform magnetic 
field of intensity ff, the angle between the axis of the magnet 
and the direction of the 
field being 0, as shown in 
Fig. 38. The poles of the 
magnet are acted upon by 
the forces + tnH and — 
m/I, respectively, the mo- 
ment of each of these forces 
about the center of the 
magnet is equal to mff x //a x sin 0, and both of these moments 
tend to turn the magnet in the same direction. Therefore the 
total torque T tending to turn the magnet into the direction of 

the field is 

T=-fftiI/sm0 (21) 

The negative sign is chosen simply for the reason that the torque 
tends to reduce & which may be considered as a positive angle. 
This equation expresses the torque in dyne-centimeters. When 
the angle is equal to zero or ISC'*, the torque T is zero and 
the forces + mH, — mH have no tendency to turn the magnet. 
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that is to say, the magnet is in equilibrium. This equilibrium is 
stable when the north pole of the magnet points in the direction 
of the magnetic field {& equal to zero), and it is unstable when 
the south pole of the magnet points in the direction of the mag- 
netic field {6 equal to i8o°). 

If the angle $ is never large in value then 8 (in radians) 
may be written for sin^ in equation (2l) giving 

T^-mlH-e (22) 

This equation shows * that a suspended magnet when started will 
perform harmonic vibrations about its axis of suspension in such 
a manner that 

^_«/^ (23) 

in which K is the moment of inertia of the magnet about the 
axis of suspension, and t is the period of one complete vibra- 
tion. This equation is not even approximately true if 6 reaches 
large values, that is, if the amplitude of the oscillations of the 
magnet is large. 

43. Gauss's method for measuring the horizontal component of 
the earth's magnetic field. — A method was devised by Gauss in 
1850 for determining the value of the horizontal component of the 
earth's magnetic field. The details of this method are described 
in Chapter X. 

43. Behavioi of a magnet ]n a non-uniform magnetic field. — 
The forces which act upon the poles of a magnet in a non-uni- 
form magnetic field tend in general to turn the m^net and also 
to impart to it a motion of translation, because the force which 
acts on the north pole of the magnet is in general not opposite 
in direction and not equal in value to the force which acts on the 
south pole of the magnet; that is, the field at the north pole of 
the magnet is in general different in intensity and in direction 
from the field at the south pole of the magnet This is shown 

*See discussion of harmonic motioD in any good treatise od cleinenUry meclnnki. 



by Google 



THE MAGNETISM OF IRON, 



75 



in Fig. 39 where a small magnet is placed in the non-uniform 
field near the pole of a large magnet The forces F and F' 
are different in value and not opposite in direction. 

The attraction of a 
particle of iron by a 
magnet depends in the 
first place upon the mag- 
netization of the particle 
of iron and in the sec- 
ond place upon the non- 
uniformity of the mag- 
netic field in which the 
magnetized particle finds 
itself, that is to say, the 
particle of iron becomes 

a magnet and its two poles are acted upon by unequal forces 
on account of the non-uniformity of the field. 




Re- 40. n(,«i. 

The magnetic field near a fiat-ended magnet pole is approxi- 
mately uniform (lines of force parallel straight lines) as shown in 
Fig, 40 ; near the sharp comers of the pole, however, the field is 
distinctly non-uniform (lines of force diverge strongly). Therefore 
particles of iron are not perceptibly attracted by the flat-face of the 
pole whereas the sharp comers of the pole attract particles of iron 
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very strongly. This is shown very strikingly by passing the flat 
end of a magnet pole over a table on which a very few iron filings 
have been placed, the filings are all caught by the comers of the 
pole. 

The lines of force in the neighborhood of a sharp-pointed mag- 
net pole diverge very greatly indeed as shown in Fig. 41, that is 
to say, the magnetic field in the neighborhood of the point is non- 
uniform to a high degree, and 
j^L such a magnet pole has a 
strong attraction for small 
particles of mimetic material. 
A pointed magnet pole is an 
essential feature of the mag- 
ujgitTm netic ore separator, the action 

■lATEFMAL^ | MUTUMAL qJ" y,]nlf-]^ Jg ghoWn in Fig. 42. 

I t The crushed ore falls in a thin 

stream before a pointed, or 

wedge-shaped, magnet pole. 

The particles of magnetic material are attracted by the pointed 

pole and thus deflected, while the non-magnetic material falls 

straight downwards. 

Surgeons sometimes make use of a pointed magnet for remov- 
ing particles of iron or steel from the eye, 

44. Tension and energy of the magnetic field. — Consider the 
opposite poles of two magnets as shown in Fig. 43. Their force 
of attraction is due to the tension of the magnetic field, the ten- 
sion of the lines of force as it is sometimes called. The lines of 
force of the magnetic field also push each other apart sidewise. 
This sidewise push of the lines of force on each other is evident if 
we consider that the lines of force in Fig. 43 are curved so that 
they must exert a side force if they are under tension. 

When the two magnet poles in Fig. 43 are allowed to move 
nearer together, their force of attraction does mechanical work, 
and the mechanical work thus obtained comes from the magnetic 
field ; that is to say, a magnetic field represents a store of energy, 
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and when a magnetic field is reduced * in extent (volume) or in 
intensity, a portion of its energy is transformed. 

A simple discussion of the tension and energy of the magnetic 
field cannot be based on an arrangement like Fig. 43 because of 
the non-uniformity of the field. Consider one end of a very 
broad flat strip of magnetized steel, as shown in Fig, 44, and let 



us assume that the total pole strength m is spread UTtiformly over 
the end of the strip \ as indicated by the shading in the figure. 

*WbeD the two poles in Fig. 43 move nearer tc^ether the intensity of Ihe inter- 
vening field \% increued in M>me porta and decreased in other parts. 

f The fnndameDtal relations involved in the study of electricity and magnetism may 
be established in a comparatively simple way hy assaming simply gmmelTical fonns and 
' distribations. Thus, the formula expressing the magnetic field intensity in the neigh- 
borhood of a magnet pole is extremely complicated unlfss the pole be assumed to be 
ooncentrated at a pcant, or to be spread uniformly oyer a certain length of a rod, or to 
be spread unifonnly over a certain plane area. The formula eipressing the intensity 
of a magnetic field in the neighborhood of a wire carrying an electric current is 
extremely complicated miless the wire be simple tu shape. Thus, the formula eipress- 
ing the intensity of a magnetic field in the neighborhood of a long straight wire i: very 
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M^fiwtic lines of force emanate froin both faces of the polar area 
s as shown in the edge view in Fig. 44, and the magnetic field on 
each side of the flat pole is a uniform field (except, of course, near 



the edges, but the polar area is assumed to be so lai^e that the 
edge complications may be ^nored). Let /^, be the intensity 
ofthisfield. Then //,s* ts the magnetic flux passing out from the 
polar area on each side, 2//^ is the total flux emanating from 
the pole, and this must be equal to ^.vm according to Art. 39, 
so that we find : 

Consider two similar flat magnet poles AB and A'B' placed 
side by side as shown in F^. 45, one being a north pole and the 
other a south pole, as indicated in the figure. Consider the m^- 

dmple. These simple modes of distribution of m^net pole, siid long straight iriret 
cxTTyiog eledrk: curreots are atitr met with as actiul facts, but thej are possible and 
therefore legitimale as Staiting points for the developmenl of ^mple mathematical 

* Tliii expres^on ignores the noD-noiformity of the field near the edges of the Bat 
pole. 
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oetic field which is due to AB, its intensity is equal to 2wmjs 
throughout the whole region occupied by the pole A'B', ac- 
cordii^ to equation (i), and therefore the force which is exerted 
upon A'B' is equal to the product of the strength of A'B' 
and the intensity of the field due to AB, whence we fmd : 



2mtf 



(24) 



^'pm 



in which F is the force in dynes with which the two poles in 
Fig. 45 attract each other. It is noteworthy that this force is 
independent of the distance d, provided 
the distance d is small in comparison 
with the length and breadth of the polar 
areas AB and A'B'. 

To find the inUnsiiy of the field in tke 
region between the fiat poles in Fig. 4.5.- 
The north pole AB, Fig. 45, tends to 
produce in the region RR a uniform mag- 
netic field directed towards the left, of 
which the intensity is iirmjs, whereas 
the south pole A'B' tends td produce in 
the region RR a uniform magnetic field 
directed towards the right, of which 
the intensity is 2irtnfs, and the net re- 
sult is that the magnetic field intensity 
in the r^'on RR is zero, or, in other 
words, no lines of force traverse the re- 
gion RR. In a similar manner it can be shown that no lines of 
force traverse the region R'l?. In the r^on between AB and 
A'B' each magnet pole tends to produce a magnetic field towards 
the right of which the intensity is 2-rrmjs, so that the actual in- 
tensity H of the field between AB and A'B' is 




•4R stop o/f«> Jjrt jofo 

Fie. 46. 



//"- 



4.VtH 



(25) 
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Tke arrangement in Fig. 4.$ is equivalent to the arrangement 
shown in Fig. 4.6. — In the arrangement shown in Fig, 45 the 
m^netic flux which crosses from AB to A'B* comes up 
through the steel at C and goes down through the steel at D. 
Figure 46 shows the flat ends of two massive steel or iron bars 
which are magnetized so that the face of one bar is a north pole 



and the face of the other bar is a south pole as indicated. In this 
case, the magnetic flux comes up to the polar areas through the 
steel at C and D, Fig, 46. The two magnet poles in Fig. 46 
act on each other in the same way'as the two magnet poles in 
Fig. 45, and equations (24) and (25) apply- to both figures. 

Tension of tJie lines of force, — The force attraction of the two 
poles in Figs. 45 and 46 is due to the tension of the lines of force. 
It is desirable to express this tension in terms of the field inten- 
sity, and for this purpose the force of attraction of the two poles 
must be expressed in terms of the field intensity between them, 
instead of being expressed in terms of the strengths of the two 
poles, as in equation (24). The strength of each pole may be 
expressed in terms of the intensity of the field between the poles 
by solving equation (25) for m. This value of m may then be 
substituted in equation (24), giving 



sH* 



00 
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Dividing both members of this equation by the sectional area of 
the region between poles in Figs. 45 and 46, we get the fmrce per 
unit area which is transmitted across the region, or in other words, 
the tension of the m^netic field. Therefore 

Tendon of • m^jnetic field 'm\ -n / fi\ 

dynes pei square centimeter | 8 IT 

in which H is the intensity of the field in gausses. 

Energy of tke magnetic field. — If the magnet poles in Fig. 45 ' 
or 46 are allowed to move together, their force of attraction will 
do an amount of work, W = Fd, where d is the initial distance 
a^art of the two pole faces, and the mechanical work thus gained 
comes from the magnetic field that existed in the air space. 
Therefore, using the value of F from equation (ii) we have 

W~Fd=H*sdl%tr 

but sd is the volume of the region between the poles, so that 

Eaergj of a magnetic lield in ) -^ , 

ergs per cubic centimetei J g^r ^ ' ' 

46. The magnetizatloii of iron.* — When a piece of iron or other 
magnetic substance, such as cobalt or nickel, is placed in a mag- 
netic field, it becomes a magnet. For example, a neutral or 
unmagnetized bar of iron or steel when held in the direction of 
the earth's magnetic field shows north polarity at one end and 
south polarity at the other end (the polarity of the bar may be 
indicated by a compass needle). If the bar is turned end for end 
its magnetism is reversed. A sharjj blow with a hammer renders 
the bar more susceptible to the influence of the weak magnetic 
field of the earth. This action of a magnetic field upon iron is 
called magnetisation. 

When a piece of iron is placed in a magnetic field the trend of 

* For ■ full discu&iion of the theory of the m^netization of iron the llndent b re- 
ferred to Ftanklia and Eaty*! Elements of EU:trital Engintering, Vol. I, Appendix 
A ; to J. A. Ewing's Magnetic Induction in Iron and Other Metals, London, 1900; 
and to H. DuBois' Magnetic Circuit in Thcor}- and Practice, translated l>y Alliinson, 
New York, 1896. 
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the lines of force in the field is greatly altered ; in fact, the field 
becomes the resultant of two fields, namely, the original field and 



the field due to the piece of iron which has become a magnet. 
Thus, Hg. 47 shows the effect of a small piece of iron upon the 



magnetic field between two flat-ended magnet poles. In the ab- 
sence of the iron the field is as shown in Fig. 48. The effect of 
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a piece 01 iron in a magnetic field is always such as to suggest 
that "iron is a better carrier of lines of force than air." The 
lines of force tend to converge into the iron and pass through it 
Magnetic screenittg. — A shell of soft iron forms a very effec- 
tive screen which protects the region inside of the shell from the 
action of outside magnetic influences. The hnes of force, which 
would pass through the region occupied by the shell if the shell 
were not present, pass into the iron and tend to flow around 
through the shell and pass out on the other side without crossing 
the region inside of the shell. This screening effect has been 
used for the protection of watches against magnetic disturbances 
by providing the watch with a thick case of soft iron. 

Nttt. — The region snirounding a magnet is a magnetic field, it ms^etiies uiy 
jnece of iron in the neigbtxiThood, and the piece of iroa is then attracted by the 
magnet. 

46. Residoal magnetlBm. Permanent magnets. — An iron rod 
retains much of its magnetism when it is removed from a mag- 
netic field in which it has been magnetized ; or in case of an elec- 
tromagnet, when the magnetizing current is reduced to zero. 
Long slim bars retain a greater portion of their magnetism than 
short thick bars, because of the fact that in short bars the poles 
of the magnet are closer together and produce of themselves a 
strong demagnetizing field along the bar. The magnetism which 
is thus left in a bar of iron or in an electromagnet is called resid- 
ual magnetism. X^ng slim bars of annealed wrought iron may 
retain in this way as much as 90 per cent, of their magnetism, 
but a very weak demagnetizing field or a very slight mechanical 
shock is sufHcient to cause such a bar to lose its residual mag- 
netism almost completely. Cast iron, hard drawn iron wire and 
mild steel retain a smaller portion of their magnetism but with 
greater persistence, and hardened steel bars retain a portion erf 
their magnetism very persistently even when roughly handled. 
Magnetized bars of hardened steel are called permanent magnets. 

Aging of permanent magnets. — A freshly magnetized bar of 
hardened steel loses a portion of its residual magnetism rapidly 
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when it is subjected to mechanical shocks or to changes of tem- 
perature. After the residual magnetism has been reduced In this 
way, a remainder is left which decreases but little with repeated 
mechanical shocks and changes of temperature, and the magnet 
is said to be aged. Permanent magnets for use in electrical 
measuring instruments are always subjected to an aging process 
which consists, usually, in placing the magnet repeatedly in hot 
and then in cold water, and in subjecting it to a series of slight 
mechanical shocks. 

Demagnetisation. — When iron is heated to bright redness it 
loses its magnetic properties. Thus, red hot iron is not attracted 
by a magnet. When a magnetized bar of steel is heated to 
bright redness its magnetization disappears and the bar, upon 
cooling, is found to be completely demagnetized. 

Any piece of iron or steel may be comp letely demagnetized by 
the following operation : Place the piece of iron or steel in a coil 
of wire through which a strong electric current is flowing. Re- 
verse the current repeatedly and at the same time slowly reduce 
its value to zero. This operation is called demagnetization by 
reversals. A watch which has been disturbed by a strong mag- 
netic field is usually demagnetized by this process. 

47. Intensity of magnetization. Hagnetic Baturation. — Let m 
be the strength of the magnetic pole at the end of an iron rod of 
which the sectional area is s square centimeters. The ratio fnjs 
is called the intensity of magrtetization of the rod. When an 
iron rod is subjected to a stronger and stronger magnetizing field, 
its magnetization becomes more and more intense and approaches 
a definite limiting value beyond which it cannot be magnetized 
however strong the magnetizing field may be. The iron rod is 
said to approach magnetic saturation as it approaches this limit- 
ing intensity of magnetization. The limiting value of mjs is 
about 1,730 units of pole per square centimeter of section for 
wrought iron, about 1,600 for mild steel, about 1,310 for cobalt, 
and about 540 for nickel. Permanent magnets of hardened steel 
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have at the utmost about 800 units pole per square centimeter 
of section. 

48. The molecolar theoiy of the magnetization of Inn. — When 
a magnet is broken in pieces, each piece is found to be a complete 
magnet having a north pole and a south pole. This fact sug- 
gests the possibility that each molecule of iron may be a magnet 
Indeed, the hypothesis that each molecule of iron, or any sub- 
stance capable of being magnetized, is a permanent magnet leads 
to a very useful conception of what takes place in a bar of iron 
when it is magnetized. 

ExplanaHon of magnetization. — In unmagnetized iron or steel 
the molecular magnets are thought of as pointing at random in 
all directions, thus neutralizing each other. When the iron or 
steel is placed in an intense magnetic field, the molecular mag- 
nets are turned with thdr axes parallel to the field, their north 
poles all in one direction, and the iron or steel is completely 
magnetized or saturated. If the magnetizing field is weak the 
molecular magnets are only partially turned and the iron is only 
partially magnetized. 

Explanatifftt of retention cf magnetization. — A bar of iron 
which is strongly magnetized, does not return to its original 
state when the magnetizing field ceases to act This is analo- 
gous to the production of a permanent set when an imper- 
fectly elastic substance is greatly distorted. This persistence of 
a portion of the magnetization in a strongly magnetized bar may 
be ascribed to a friction-like opposition to the rotation of the 
molecular magnets. In annealed iron this friction is small, m 
hard drawn iron wire it is greater, and in hardened steel it is very 
great Mechanical vibration and rise of temperature both act as 
if to decrease this frictional resistance, thus enabhng a given 
magnetizing field to produce more intense magnetization and 
causing the residual magnetism to disappear. 

Behavior of iron and steel when subjected to slight changes of 
magnetization. — When a bar of iron or steel is placed in a weak 
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magnetizing field, it returns almost completely to its initial con- 
dition when the weak field ceases to act. A bar of iron 
ot steel, which is placed in a strong magnetizing field, re- 
turns almost completely to its initial condition when the field 
is slightly increased and then decreased again. That is, a bar 
of iron or steel exhibits a kind of magnetic elasticity. This 
action is especially prominent in hardened steel. Thus, a small 
m^net ns, Fig, 49, is repelled by the strong north pole JV 
of another magnet. But when the small magnet is brought very 
near to A'', as shown in Fig. 50, its magnetism is reversed and 

C3 -^ t3^ 



it is attracted by Z^, and then, if the reversal of magnetization 
of ns has not been carried too far, it will be found to be again 
repelled by JV when it is removed to the position shown in 
Fig. 49. This shows that the magnetism of ns after having 
been actually reversed by the field near N returns approxi- 
nnately to its initial value when this reversing field ceases to act 
This is analogous to the following : A flat steel spring is fixed in 
a vise and bent sufficiently to give it a permanent set to the left, 
a force is then exerted on the rod bending it to a slight extent to 
the right and when this force ceases to act, the rod again takes 
on its "permanent" bend to the left. 

Swing's theory. — The apparent factional and elastic opposition 
to the turning of molecular magnets may both be ascribed to the 
mutual action of these molecules as magnets. This was first 
pointed out by Ewing* who constructed a model consisting of a 
large number of small magnets supported on jewels and pivots 
and arranged on a board. When this system of magnets is sub- 
jected to the action of a weak magnetic field, each nu^net is 
slightly turned, and every magnet returns to its initial position 

"See Philaiophical Magatine, seriei S. Vol. 30, paje 305, 
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when the field ceases to act. If the field is increased in intensity 
more and more the magnets turn more and more until the con- 
figuration of the system becomes unstable, when the magnets 
suddenly fall, as it were, into a new configuration.* If now the 
field is slowly reduced in intensity the magnets tend to persist in 
their new configuration. 

49. PanuiUIKiMtic anbttaneM and dUnuEiutlc aDbaUiicaa.— Coball and aickel 
are similar to inni in theic magnetic propeilies except that the limil or laluralion lalac 
of their bteiuity of magnetization ii cot 90 great. Maor other substances, Sucll as 
maDgaaese, chiomtum, platinum, and oxygen, show similar properties bat to a lesser 
degree. Such substances are said to be paramagnttic, or simpl]' magrutic. On the 
other hand, substaoces such as bismuth, anlimouy, zioc and lead, when thej are Dear 
a magnet, ate magoetiied in such a way as to be repelled j- by the magnet. Such sub- 
stances are said to be diaiaagnttic. 

Paramagnetic substances are better carriers of lines of force tlian air «ai dianug- 
nelic substances are poorer carriers of magnetic lines of fbrc« than air, that is to Say, 
when a paramagnetic substance is placed in a magnetic field the lines of force convei^e 
towards it and pass through it, and when a diamagnetic substance is placed in a mag- 
netic field the tines of force tend to spread out and go round It. 

A paramagnetic substance when placed in a aon-unilbrm magnetic field is drawn 
towards the region where the field is most intense, whereas a diamagnetic substance 
wheo placed in a non-uniform magnetic field is drawn towards the region where the 
field is least intense. This behavior of a diamagnetic substance in a non-uniform 
field may be shown by suspending a »ery small bar of bismuth between the pmnted 
poles of a strong electromagnet. If the suspeoding liber is sufficiently flexible the bar 
of bismuth sets itself at right angles to the lines joining the two pointed poles.} 

* A group of magnets mounted on piroU may be in equilibrium in a great Tariety 

tSee note in Art. 45, page 83. 

t A bar of bismuth tends to place itself parallel to the lines of force in the nnifonn 
magnetic field the same as a bar of iron. This apparently similar property of bismutb 
and iron may be explained as follows : If a bar of iron (or bismuth} were magnetiied to 
the same degree irrespective of its direction in a uniform field, it would stand indif- 
ferently in any position, bat as a matter of fact, an iron rod is more strongly magnetized 
when it is parallel to a magnetic field than when it is at right angles to the field, 
because of the demagnetizing action of the free poles on the rod, and the result is that 
the rod takes up the portion in which it is most strongly magnetized. On the other 
hand, the eCTect of the free magnetic poles on a rod of a diamagnetic substance is to 
increase the negative magnetization, so that the negative magnetization of a rod of 
lusmuth is least when it is parallel to the magnetic field in which it is placed. A rod 
of iron tends to place itself io the direction in which il is moil strengly magnttiitd \sf 
tbe field, and a rod of bismuth tends to place itself in the direction in which it is hatl 
strongly magnilhtd by the field, and in each case this position is parallel to the linct 
of force if the field is uniform. 
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Weber's iheery of tHamagluliim. — A mam of copper near the eod of an ircm rod 
hag electric cuirents induced in it wben the iron rod is suddenly magnetized, and as 
long as this cunent continues to flow in the a>pper, the copper is strooglj repelled by 
the magnet, the lines of force from the magnet tend to spread ont and pass aroand 
the copper. The electrical resistance of the copper, howcTcr, TCFy soon stops the 
induced current and then the strong repulsion ceases. The dianugnctic property of > 
substance has been CKplained by Weber on the hypothesis that the molecules of the 
substance are perfect electrical conductors so that permanent electrical Currents we 
induced in the molecales when the subitance is brought near a magnet 

Problems. 

60. Two permanent magnets i centimeter x J centimeter x 30 
centimeters long are magnetized to an intensity of 700 units pole 
per square centimeter of sectional area, {a) Calculate the strength 
of each pole. (3) Calculate the force with which the north pole 
of one rod attracts the south pole of the other rod when the poles 
are at an approximate distance of 10 centimeters from each other. 
Ans. {a) 350 units pole. (S) 1,225 dynes. 

Note. — !□ this and (he suceeedti^ problems assume the poles of the magnet to be 
concentrated at the center of (he ends of the bars. The intensity of magnetization of 
■n iron rod is the strength of pole on one end divided by the sectional area of the rod. 
See Art. 47. 

61. The two magnets specified in problem 60 are arranged as 
shown in Fig. 51. Find the total force with which one magnet 
acts upon the other. Ans. — 227.39 dynes (attraction). 
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63. The two magnets specified in problem 60 are arranged as 
shown in Fig. 52. Find the total force with which one magnet 
acts on the other. Ans. + 507.8 dynes (repulsion). 

63. A magnet l by J by 40 centimeters long having 800 units 
pole per square centimeter of sectional area is laid across one of 
the magnets specified in problem 60, as shown in Fig. S3- Find 
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the total force with which one magnet acts on the other. Ans. 
5,376 dyne-cendmeters of torque tending to turn magnets as 
shown by arrows in Fig. 53. 

64. The two magnets specified in problem 60 are hung from a 
balance beam as indicated in Fig. 54. Assuming that the mag- 
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nets exactly balance each other before they are magnetized, find 
the number of grams which must be added to one pan to balance 
the magnets after they are magnetized and specify to which pan 
it must be added. Ans. 0.715 grams must be added to the 
left pan. 

66. Detennine the int«isity // of the magnetic field at a 
point p distant 18 centimeters from one pole and 24 centimeters 
from the other pole of one of the 

mf^ets specified in problem 60, and r atflfc 8^ 

determine the value of the angle 0, 
asshown in Fig. 55. Ans. // mt 1.24 
gausses, 0= 203'*46'.5. 

68. The intensity of the earth's 
m^;netic field at Washington is 0.58 
gauss and its dip is 62°. Find its 
horizontal and vertical components, Ans. I/= 0.272 gauss, 
V^ 0.512 gauss. 

67. Find the direction and intensity of the resultant magnetic 
field at a point 30 centimeters due magnetic north of an isolated 
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north pole of 6oo units strength at Washington. Ans. 1.07 
gausses, north, and dipping at tan~' 0.5452 (28''36') below the 
horizontal. 

66. Find the distance and direction from the magnet pole 
specified in problem 67 to the point at which the resultant field 
is zero. Ans. 32.16 centimeters, south, and elevated 62° above 
the horizontal. 

69. A room 6 meters long by 5 meters wide by 3 meters high 
has its longest dimension magnetic north and south. The inten- 
sity of the earth's field in the room is 0.62 gauss and the dip is 
72°. Find the number of lines of magnetic flux across each of 
the walls, the ceiling, and floor of the room and specify in each 
case whether the flux is passing out of the room or into the room. 
Ans. East wall, o ; we^t wall, o ; north wall, 28,740 maxwells 
out; south wall, 28,740 maxwells in ; ceiling, 176,900 maxwells 
in; floor, 176,900 maxwells out. 

70. The pole face of the field magnet of a dynamo has an area 
20 centimeters by 30 centimeters. The magnetic field between 
the pole faces and the armature core is perpendicular to the pole 
face at each point and its intensity is 6,000 gausses. Calculate 
the number of lines of force which pass from the pole face into 
the armature core. Ans. 3,600,000 maxwells. 

71. Calculate the number of lines of force which emanate from 
the north pole of one of the magnets specified in problem 60. 
Ans. 4,400 maxwells. 
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72, A very long steel ribbon of which the thickness is o. I cen- 
timeter and the width is 30 centimeters is magnetized so that one 
edge becomes a north pole and the other edge becomes a south 
pole, as shown in Fig. 56, the intensity of magnetization being 
800 units pole for each square centimeter of section (rf" the steel 
(80 units pole for each centimeter length of edge). Find the in- 
tensity of the magnetic field due to the north polar edge of the 
strip at a point distant 1 8 centimeters from the edge and specify 
its direction. Ans. 8.89 gausses. 

73, Find the intensity of the resultant field at the point p in 
Fig. 56, and determine the value of the angle 9, using the data 
given in problem 72. Ans. H^ 11. 11 gausses, ^— 16° 16'. 

74. One of the magnets specified in problem 90 is balanced 
horizontally on a knife edge at Washington. The magnet weighs 
1 20 grams. Find the horizontal distance from the knife edge to 
the center of the bar taking the acceleration of gravity to be 980 
centimeters per second per second. Use the data specified in 
problem 66. Ans. 0.046 centimeter. 

75. The moment of inertia of one of the magnets specified in 
problem 60 is 9,000 gr.-cm'. Calculate the time of one com- 
plete oscillation of this magnet when it is suspended horizontally 
at Washington, Ans. 11.15 seconds. 

76. A m^net makes one complete oscillation per second in a 
magnetic field of which the intensity is 0.2 gauss. Another 
magnet is twice as long, twice as wide, and twice as thick, it is 
magnetized to twice the intensity (units pole per units sectional 
area) and it is suspended in a field of which the intensity is o. [ 
gauss. What is its period of oscillation P Ans. 2 seconds. 

Nete. — The moment of inertia of a Totsting bod; is equal to the prodact of the 
mass of the body into the sqtuueof its radius of grration. Given two bodies of exactly 
the same shape, their radii of gyntinn are proportional to their linear dimensioni 
whereas their masses are proporlional to their volumes. 

77, A suspended magnet makes 20 oscillations in 184.5 sec- 
onds aC one place, and 20 oscillation.s in 215.8 seconds at another 
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place. What is the ratio of the intensities of the horizontal com- 
pcnent of the earth's magnetic field at the two places, and at 
which place is it the more intense ? Ans. 1.367. Field more 
intense at first place. 

78. Two flat-ended poles arranged as shown in Fig. 46 are 
observed to pull towards each other with a force of 1,500 pounds. 
The steel rods are round with a diameter of 3 inches, (a) Find 
the intensity of the magnetic field in the region between the flat 
poles in gausses. {6) Find the total strength of each pole. Ans. 
(a) 19,170 gausses, (d) 69,570 units pole. 

/i/efe. — EquilioD (i ) on page 78 eipressea that part of the force actum between 
the two poles ia Fig. 46 which dependa upon the polarity of the rods alone. If 
the field between ^le ends of the lods h due in part to the direct action of the 
magnetizing coil, then the force of attnclkiD between the two rods becomes 
j/8irX(^,'-l-a^,^i + ^i')i where ^, 19 the field due to the magnetic polarity oo 
the cods of the rods, and If, is the field due to the direct action of the monetizing 
coils. Therefore, this total force consists of three parts, namely, j/^,'/8t, 2sH^HJil^, 
aod i/fj'ISir. The lir^l of these three parts is the force of attraction of the magnetic 
pole* on the ends of the rods, and the second and third parts are forces which act in 
part upon the iron and in part upon the cmls of wire which are wound upon the iron. 

78. Find the total magnetic enei^ in the room specified in 
problem 69. Ans. 1,377,000 ergs. 
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CHAPTER IV. 

MAGNETIC EFFECT OF THE ELECTRIC CURRENT" 

SO. The magnetic field due to an electric wire. — The behavior 
of a compass needle in the neighborhood of an electric wire shows 
that the region surrounding an electric wire is a magnetic field. 
The lines of force of this magnetic field encircle the wire. Thus 
Fig- 57 shows the way in which iron filings arrange themselves 



PIE.S7. 

in filaments around a long straight electric wire, the black circle 
at the center of the figure represents a section of the wire, which 
is perpendicular to the plane of the figure. 

The lines of force of the magnetic field due to a circular loop 
or coil of wire are shown in Fig. 58. In general, the lines of 
force of the magnetic field produced by a. coil of wire trend in- 
wards toward the opening of the coil at one end, pass through 
the opening of the coil, and spread out at the other end. Thus, 

• Chapter V on Induced Eleclromotive Force, »nd Chapter VI on Induclance con- 
stilate oontiDualioas of this general subject, th« Magnetic Effect of the Electric 

93 
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a long coil of wire is exactly equivalent to a magnet in so far as 
its relation to surrounding objects is concerned, lines of magnetic 
force flow out of one end of the coil through the surrounding 
region and into the other end 
of the coil in the same way 
that lines of force flow out 
from the north pole of a mag- 
net through the surrounding 
region and in towards the 
south pole of the magnet. 

The behavior of a magnet in 
the neighborhood of a long 
straight electric wire. — The 
small circles in Figs. 59 and 
, ■ . 60 represent the section of a 
^ \ \ long straight wire in which 
current is flowing towards* 
the reader. Figure 59 shows 
the forces FF\i\\}a which the 
magnedc field due to the wire 
acts on the poles of a moder- 
ately long magnet, and Fig. 60 shows the forces FF with which 
the magnetic field of the wire acts upon the poles of a very short 
magnet. Thus, a long magnet is drawn towards the wire, 
although the forces acting on each pole are at right angles to the 
dotted lines in Fig. 59, whereas a very short magnet is not per- 
ceptibly attracted by the wire because the two forces FF in 
Fig. 60 are very nearly opposite to each other in direction. The 
north pole of a magnet tends to move around the wire in one 
direction and the south pole of a magnet tends to move around 
the wire in the opposite direction. Thus, the north pole tends to 

■Tn represenling ■ flow of carrent towards the reader in the scclion of > wire, ■ 
do! is used as if one were looking at the point of an arrow, and, when repiesenliog a 
flow of currenl anay from the reader, ■ cross is used as if one were lookbg ■■ the 
feathered end of an arrow ; thus, O represents a flow of current towards the reader 
and $ represeati a flow of current awaj from the reader. 
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move around the wire in a counter-clockwise direction in Figs. 
59 and 60. The direction of a current in a wire may be deter- 
mined by means of the compass, as follows : Bring the compass 



^\^»^ 
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near the wire, and, knowing that the forces which act on the two 
poles of the compass needle are at right angles to lines drawn from 
the poles to the wire, infer, from the observed movements of the 
needle, the direction in which the north-pointing pole of the nee- 
dle tends to move around the wire. TAe direction of the current 
in the wire * is the direction in wkick a right-handed screw with its 
axis parallel to the wire would travel if tfie screw is turned in the 
(Section in which the north-pointing pole tends to move around the 
wire. 

SI. The composite magnetic field which Is produced when a 
straight electric wire Is stretched across a region which, but for the 
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presence of the electric wire, would be a uniform field. — The mag- 
netic field between the flat-ended magnet poles in Fig. 48 is sensi- 
bly uniform. Figure 61 shows the same field modified by the pres- 
ence of a straight electric wire. The small black circle in Fig. 61 
represents the section of the wire and the wire is perpendicular to 
the plane of the figure. The m^netic field in Fig. 61 is due to 
two distinct causes, naniely, (o) the two flat-ended magnet poles, 
and (A) the electric wire, and it may therefore be called a com- 
posite field. If the field were, due to the wire alone its lines of 
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force would be circles as shown in Fig, 57, and if the field were 
due to the flat-ended poles alone its lines of force would be as 
shown in Fig. 48. The trend of the lines of force in Fig. 61 in 
the immediate neighborhood of the wire are more clearly shown 
in Fig. 62 which is from a drawing. 

Side pusk on an electric wire which is stretched across a ut^orm 
magnetic field. — The wire shown in Figs. 61 and 62 is pushed 
stdewise by the magnetic field • as indicated by the arrow F in 

■Stricd;, one should perhaps spok of the side force on the wire in Figi. 6l and 
63 u dne to the two magnet poles, because the two mi{|;nel poles conttitnte the actnal 
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Fig. 62. This side force is at right angles to the wire and to the 
magnetic field (Fig. 48) which is acting on the wire. The side 
force which acts upon the wire in Fig, 6 1 may be ascribed to the 
tension of the lines of force. 

Examples. — The simple example of the magnetic effect of the 
electric current which is cited in Art l and represented in Fig. i 
illustrates the side push of a magnetic field on a wire inasmuch 
as the magnetic field which emanates from the north pole of the 
m^^net in Fig. i is partly, at least, at right angles to the wire 
AB. The side push on an electric wire in a magnetic field is also 
exemplified in the electric motor. A cylindrical mass of iron A, 
Fig. 63, has wires arranged on its surface parallel to its axis, and 
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the whole is placed between two magnet poles NS, as shown. 
The narrow region between the cylinder A and the poles N and 
5 is a strong magnetic field, the lines of force of which are radial. 
An electric current is made to flow through the wires in the direc- 
tions indicated by the dots and crosses, and the result is that the 

Tuible Bgeot which is acting on the wire. It is veiy important, however, that the 
student become ramiliai with the idea of a magnelic field u ■ phjsical reality, and to 
B5cHbe the side force in Figs. 6l and 63 to the fiildinkuk U produced by ike two mag- 
ntl poUi pnU the whole matter in the most intelligible form. 
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wires are pushed sidewise by the magnetic field causing the 
cylinder A to rotate'in the direction of the curved arrow. 

62. Strength at cuinnt magnetically defined, — Consider a 
straight electric wire stretched across a uniform magnetic field 
of which the intensity is one gauss, the wire being at right angles 
to the field as described in the foregoii^ article. The force in 
dynes with which the field pushes stdewise on one centimeter of 
this wire has been adopted as the fundamental measure of the 
strength of the current in the wire. This foite-per^^nit-length-of- 
wire-per-onit-field-intensity is called simply iAe strength of the 
current in the wire ; let it be represented by / The force push- 
ing sidewise on / centimeters of the wire is //, and, if the field 
intensity is H gausses instead of one gauss, the force is H 
times as great, or IIH\ that is, 

F~ tlH (28) 

in which F is tlie force in dynes pushing sidewise upon / centi- 
meters of wire at right angles to a uniform magnetic field of which 
the intensity is H gausses, and / is the strength of the current 
in the wire. 

DtfinUton ef Ike eibampire. — A wire Difiailioa of tkt ampere. — Theampere 

is said to carry > curreat of one abampere U one teoth of an abampere. 
wheo one centimeter of the wire is pushed 
sidewise with a forceofoDC dyne when the 
wire is stretched acrcHS a magnetic Geld of 
which the intensity is one gauss. That is, 
F in equation (aS) is expressed in dynes 
when / is expressed in centimeters, H in 
gausses, and / in abampetes. 



In the early days of the development of the theory of electricity and x 
a great variety of arbitrary units was used. Thus, the resistance of a particular [nece 
of wire would be used as ■ unit of resistance, the electromotive force of a particolar 
voltaic cell would be used as ■ unit of electromotive force, and current value* were 
(rften specified in tenns of the deflections of a particular galvanometer. The introdac- 
tion of a unilbrm system of units was due chiefly to Weber and Gsusa in Germany and 
to Maxwell and Kelvin in England. This uniform system of units was based on the 
units already in use in mechanics, the centimeter, the gram, and the second, and the 
nniti of this c.g.i. system were called absolute unill. 
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The electricil units which lit now alnKMt uniicrsalljr cmplojed, the ampere, the 
obm, the mlt, the coulomb, the henry, uid the farad are, however, not the original 
c.g.>. noits, but loultiples or submultipiei of them The origiiul eg x. units as ■ rule 
have DO names. Therefore in this text the cg.s. units (of the so-called "electromag- 
netic" stsIcid] which correspond to the ampere, the <^m, (he volt, etc, are desig- 
nated by the prefix ai. Thus, we have (he ahampere, (he abobm, the abvolt, etc 



Dcfinilien c/lht ohm. — A wire has a 
resistance of one ohm when one joule of 
heat is genented in it in one second by ■ 
current of one ampere. The ohm is equal 
to io*Bbohms. 



Dcfiniiien eflhtvell. — An electric gen- 
erator has an electromotive force of one 
volt when it delivers one )oule per second 
(one watt) of power with a current output 
of one ampere. The volt is equal to lo* 

Tkt volt may be dtjintd, on the basis 
of Ohm's Law, Bs an electromollve force 
which is capable of producing a current of 
one ampere through a circuit of which the 
one ohm. 



Dtfinitita of the ahokm. — A wire bas a 
resistance of one abohm wben one erg of 
heal is generated in it in one second by 
a current of one abampere. When H in 
equation (a). Art. 12, is expressed in ergs, 
t in seconds, and / in ahamperes, then 
R U expressed in abohms. 

DifitlitiBH ef tkt abvott. — An electric 
generator bas an electromotive foiccof one 
abvolt when it delivers one e^ per sec- 
ond of power with a current output of one 
abamfiere [see equation (6), Art. iSJ. 

Tht abvolt may be dtfined, on the bans 
of Ohm's Law, as an electromotive force 
which '\% capable of producing a current of 
one abampere through a circuit of which 

le abobm. 



Side force on an electric wire which is not at right angles to a 
magnetic field. — When an electric wire is parallel to a magnetic 
field, no force acts on the wire. If the angle between the wire 
and the direction of the field is 6, then the field may be resolved 
into two components H sin 6 and H cos 6, perpendicular to 
and parallel to the wire, respectively; the latter component has 
no action on the wire and the former component produces the 
side force 

F~/IH sm0 (29) 

If Ihe wire is not straight, or if the Geld is not uniromi, (hen one must conwler the 
force action on an element of the wire, and equation (39) becomes 

AF=/ffsiBe-Al (30) 

in which M is adwit portion, or elemmt, of the wire. If is Ihe intensity of the field 
at the element, is the angle between // and i/, / is the strength of the current 
in the wire in abamperes, and A/" is the force pushing on A/. This force is peipen- 
dicnlai' both to J£ and to A/. ' ' ' 
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58. ConUbatfon to tlio mMfftMc flaUl at a ^ran point by one oleaunt of as 
elactile wico. — The region lurroniiding ad electric circuit is n magaetic Geld md 
each element of the wire which constitntes the circuit msf be considered as contribD- 
ting its shue to the field intensit; at e&ch poinL Imagine a magnet pole or strength 
m to be placed at the point at which it is desired lo find the Ecld intensity &!/ whidi 
is prodnced bj a given element &/ of the wire. 

Let r be the distance from m to A/ and 
let 9 be the angle between r and A/, at 
shown in Fig. 64. The field intensity at the 
clement due lo the pole is m/H according 10 
equation (17). The component of this field 
which is at right angles to the element is 
•R/r*X»i<' ^> "d this component of the 
field pushes ^dewise on the wire with a force 
which is given by 




A/'= 



ine-A/ 



nr. 6*. 



tqaalioa (30), This is Ibe 
force with which the pole m acts on the 
element, and therefore it is also the force 
{disregarding sign) with which the element 
acts npon the pole. But the force with which the element acts npon the pole must be 
equal to the product of the strength of the pole and the Geld intensity ■! the pole due 
to the element, that is, 

iiF= m ■ LH 



b.H= 



(30 



in wbtdi ^H is the field intensity at the point m in Fig. 64 due to the element 
A/. This field dH is perpendicular to r and to A/. 

Nott.'-~\\. is evident from the above discussion that the magnetic field at a given 
p<unt in the neighborhood of a given coil of wire, or a. circuit of any form, in which 
an electric current is flowing is proporlionai lo the strength of the corrent, and that 
its direction is fixed. That is to say, if the strength of the current is doubled the field 
intensity is doubled everywhere, but the direction of the field is everywhere uoaltered. 
The trend of the lints of force of the magnetic field due to a given oral or circuit de~ 
pendi only upon the shape and size of the coil. 

04. The Intensity of the magnetic field at tiie center of a drcn- 
lar loop of wire. — If we can calculate the force with which a cir- 
cular loop of wire with given current acts on a magnet pole of 
given strength placed at the center of the circular loop, we can 
derive an expression for the intensity of the field at the center 
■ KJf ?the loop due to the current, because the force exerted on the 
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pole by the loop of wire must be equal to the intensity of the 
field at the pole due to the loop multiplied by the strength of the 
pole according to equation (16). Consider therefore a magnet 
pole of strength m placed at the center of the circular loop as 
shown in Fig. 6S- This pole produces a magnetic field of which 
the intensity at the wire is 
tnlt^, and which is every- 
where at right angles to 
the wire. Therefore the 
force with which the wire 
is pushed side wise (per- 
pendicular to the plane of 
the paper in Fig. 65) is 
equal to the product of the 
length of the wire, the in- 
tensity of the field (m/r*), 
and the strength of the *' 

current / in the wire in abamperes ; but the length of the wire is 
zirrZ where Z is the number of turns of wire in the loop, so that 
2in'Z X w//^ X / is the force with which the wire is pushed 
sidewise by the pole m. But, disregarding sign, this is equal to 
the force mH with which the loop of wire pushes on the pole. 
Therefore we have 

mH= ztrrZ x -j X -'" 
from which we obtain 

f-'^ (33) 

S5. Hagaetlc field In the neighborhood of c long •tralght electric wlie. — 
The lines of force of the magnetii; field surrounding a long Gtrsight electric wire are 
circles with their pUoes Rt right angles to the wire and their centers on the aiis of the 
wire, ss ciplained io Art. 50 and as shown in Fig. 57. To deriTe an expression for 
the iDtensit; of this field at a point distant r centimeters from the axis of the wire, 
proceed as follows : A long straight wire AB carries a current of / abamperes, 
and a long magnetized steel strip is placed with its north polar edge parallel to AB 
and at a distance of r centimeters from AB as shown in Fig 66. The magnetic 
field due to AB has the same value all the wa; along the polar edge NNNJf, as 
is erident from considerations of sjmmetiy, the wire being indefinitely long. Conner 
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Fie. bt. 



a portioD of the polar edge NNN!^' and ■ portion of the wire AB each / ceoti- 
melers in length. The utensit; //' of the magnetic lietd at the wire due to the pole 
NNNN b equal to imjrl, according toequatioD (20), and the wire AB is poshed 
ridewise by a force F* which is equal to I^^iy^tmlrl, according to eqnalion 
(28), but the force with which the pole /^TNN// acts on the wire iiequsl and oppo- 
site to the force mH (see Fig. 66) with wluch the wire acts on the pole. Therefore, 
ignoring signs, we have mil :=. ll^mtlrl, whence 

"=% (33) 

S6. Magnetic field Inside of a long solenoid. — A solenoid is a 
winding of wire on a long tube as shown in Fig. 67, whicli is a 
sectional view. When an electric current flows through the wind- 
ing of a solenoid the region inside of the solenoid becomes a 
uniform magnetic field except near the ends of the solenoid as 
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shown by the fine lines in Fig. 67, and the intensity of this field 
is given by the equation 

H=\trs! (34) 

in which H is the intensity of the field in gausses, is is the num- 
ber of turns of wire on each centimeter of length of the solenoid, 
and / is the strength of the current in abamperes. If the current 
is expressed in amperes equation (34) becomes 



H--^-,I 



(35) 



in which H, as before, is expressed in gausses. 

In order to derive equation (34) let us consider the arrange- 
ment shown in Fig. 68 consisting of a long coil having s turns 



rtttftiMftft 



ip"*^" 






Fie. 6a. 

of wire on each centimeter of its length, with a steel rod pro- 
jecting into it Lei us assume that the total pole strength m onthe 
end of the steel rod is spread uniformly* over a portion of the rod 
of length I, as indicated by the shading in Fig. 68. The lines of 
force emanate from such a long pole in planes at right angles to 
its length as shown in Fig. 68, and the intensity of this field at 
the surface of the long coil is /^= 2mfrl, according to Art. 40, 
where r is the radius of the solenoid and / is the length in centi- 

■ It would be very difficult indeed to magneliie a rod so a9 to bave its pole spread 
onilbmil]' over a given length of the end of the rod, especially when the rod projects 
into a solenoid as shown in Fig. 68, because the effect of the golenoid is to tend to 
concentrate the magnet pole at the end of the rod. The assumed distribution of pole 
is, hovever, a possibility if the cuircot in the soleooid is very weak and therefore the 
assumed distribution is a legitimate basis for the discussion of equation (34). 
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meters of the portion of the steel rod over which the pole is uni- 
formly distributed. The non-uniformity of the field near the 
ends of the slim pole is negligible if r is small in comparison 
with /. The effect of this slim pole is therefore to produce a 
radial magnetic field over the whole of a portion of the coil of 
length /. This portion of the coil contains Iz turns of wire, and 
the length of each turn is 2trr so that the total length of wire in 
the region where field ia produced by the slim pole is 2flr&. 
This wire ia everywhere at right angles to the field //' (which is 
due to the slim pole) and it is therefore pushed sidewise by a force 
F^ /x Ztrrls X H', or, usuig zmfrl for If, we have 

/?■= ^irzlm 
but the force with which the slim pole pushes on the coil is equal 
and opposite to the force with which the coil pushes on the pole, 
and the force with which the coil pushes on the pole is equal to 
the product of the strength of the pole and the field intensity at 
the pole due to the coil. There- 
fore the field intensity inside of 
the coil is equal to ^vsl. 

07. The tangent galvanometa. 
— One of the earliest forms of 
I instrument for measuring the 
strength of the electric current 
was the tangent galvanometer. 
It consists essentially of a circu- 
lar coil of wire at the center of 
which a small magnet is sus- 
pended, as shown in Fig. 69a. 
This suspended magnet carries a 
pointer which plays over a di- 
vided circle by means of which the angle through which the 
magnet is turned when a current is sent through the wire may 
be observed. The coil of wire is mounted with its plane vertical 
and magnetic north and south. 




nt-6^ 
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When no current flows through the coil the suspended magnet 
points in the direction of the earth's horizontal field H' . A cur- 
rent of / abamperes in the coil produces a magnetic field of which 
the intensity at the center of the coil is 
H= iirZIjr and of which the direction at 
the center of the coil is at right angles to 
IT. This field H combines with H' 
give a resultant field R, Fig. 6gb, in the 
direction of which the suspended magnet 
now points, ^ being the angle through which 
the magnet is turned by the current From 
Fig. 6g6 we have 

tan0=-^, 




oTmmQ 



or, substituting 2vZIjr for H and solving for /, we have 



" 2-itZ' 



(36") 



This equation gives the value of / in abamperes when r is in 
centimeters and H is in gausses, the values of r, H'* and Z 
being known and being' observed. 

If / be expressed in amperes, then equation (3617) becomes 






tan^ 



(3«) 



A serious fault in the tangent galvanometer is that the earth's 
horizontal field H' is never known accurately because it is con- 
tinually changing in value. When it is desired merely to measure 
the ratio of two currents, however, the value of H' need not be 
known (provided it does not change while the following obser- 
vations are being taken). One current /, is sent through the 
galvanometer, and the corresponding deflection 0, is observed, 
giving 

"See Art. 43 and Chapter X. 
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Then the other current /, is sent through the galvanometer and 
the corresponding deflection 0, is observed, giving 

I. — — 7, • tan o, (u) 

Dividing equations (i) and (ii), member by member, we have 

/. tan A, , . 

7; = tanT; (37) 

Figure 70 is a general view of a tangent galvanometer. The 
divisions on the large horizontal circle are not used. 



S8. The action of a uniform magnetic field opon a Bospended 
coll in which an electric cuiient Is flowing, (a) Simple case of a 
rectangular coil with two of its edges parallel to ike field. — Figure 71 
represents a rectangular coil of wire suspended between the poles 
N and 5 of a large magnet Let H be the intensity of the 
magnetic field (assumed to be uniform), let b be the bresulth of 
the coil, let a be the height of the coil, and let Z be the 
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number of turns of wire in the coil. The field H is parallel to 
the top and bottom edges, or limbs, of the coil, and at right 
angles to the two side limbs of the coil. The right-handed limb 
of the coil in Fig. 7 1 is pushed forwards (towards the reader) and 
the left-handed limb of the coil in Fig. 71 is pushed backwards 




•Ucclett 



fttpdap 



(away from the reader), and the force in each case is equal to 
Za y. Hy. /, according to equation (28), / being the strength 
of the current in the coil in abamperes. It is evident that the 
total force action on the coil is a torque tending to turn the coil 
about the axis of suspension ; the value of the torque may be 
obtained by multiplying the force acting on each limb of the coil 
by its lever arm bjz and adding the two results together, which 
gives 

T= abZIH (38) 

in which T is the torque in dyne-centimeters tending to turn the 
coil and / is the current tn the coil in abamperes. 

If the rectangular coil b allowed to turn through an angle 6 
about the axis erf" suspension in Fig. 7 1 , then only the component, 
H cos B, of the field will be effective in producing torque as 
shown in Fig. 72, and equation (38) will become 

T=abZIHay30 (39) 

D,g,l,..cbyGOOglC 
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When the angle 9 is equal to 90° (plane of coil at right angles 
to the field H), then the torque is equal to zero. 




(i) Cast ef a circular enl with Us plani parallel to tht magnelif fiild «j 
ifi Fig. jy. — In this case let us consider > single turn ot the coil of which the ra^nt 
is r. The vertical dotted line in Fig. 74 represents the axis tbout which Ihe torqne is 
to be deteiTQined. Consider an element A/ of the wire. The component of H 
which is at right angles to A/ is equal to /Tcos^, the prodoct Hcos^'^ lyi^&l 
gives the force pushing forwards (towards the reader in Fig. 74) on the element A/^ 




and Ihe product of this force times the lever arm 1 
the element A/, that is 

ir=^cos#X/Xrsi 



sin f gjves the torque action oo 



bat cos^X^^ " equal to the vertical height h shown in Fig. 74, so that 
rsin^y^s^ ' ^' is equal to the shaded area shown in the ligure. Therefore, rep- 
resenting this shaded area by A^, we have 
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and, ttHit this relaHen is trut far evtry element ef the cireu'ar eoil, it follows thnt 
the toUJ torque is equal to IH times the total am A enclosed by tbe tuin of wire, 



T=AIH 



(40) 



in which T 'a\a dyne-cenlimeten, / is in abamperes, and .^ is in square cenli- 
meten, Ji being expressed in gausses. If the coil has more (ban one turn of wire, A is 
equal to Ihe sum of the areas of all the turns. Thus, if tbe coil has Tour tuns of wire 
of which the radii are a, ^, 1- and d respectively then A ^ n-a' 4- ir j* 4. irH -I- in/*. 




09. The electrodynamometer is an instrument for determining 
strength of an electric current from a measurement of the mutual 
force action between two coils of wire through both of which the 
current flows. One of these coils is fixed and the other is 
suspended. The magnetic field produced by the fixed coil exerts 
a force upon the suspended coil, and this force, or the movement 
which it produces, is observed. When the coils are very simple 
in shape it is possible to calculate (from geometrical and me- 
chanical data alone) the force action between the two coils for 
a given current, or, conversely, to calculate the value of the cur- 
rent when the force action is observed in mechanical units. 
Such an electrodynamometer is called an absolute tltctrodyna- 
mometer. 
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The amplest absolute electrodTUunometer ii that derised bj Wilhelm Weber in 
1S46. ll coQsisti of ■ large itBlionsi; coil mouoted with its plane vertic*!, and a 
small drcular cml saspended at its center b; two fine wires. The cuirent / to be 
meiUDied flows through tioth coils. The magnetic iield pioduced bj the onter coil at 



Fli. 7S. 

Its center is ff= inZ'Ijr', where Z' is the oomber of turns of wire in the large 
coil and r* is its radius. This magnetic field eierts a torque 7'=7tr*'Z"'7ffcoa9 
upon the small coil, where Z" is the number of turns of wire in the small coil, r* is 
its radius and B is the angle between JI and the plane of the small coil or, in other 
words, 8 is the crmplement of the angle between the planes of the two coils. Sut>- 
stituting the value of 11^ tTiZ'Ijr' in [he expression for T, we haie 

This equation permits the calculation of / when Z', Z", r', and r" are known, 
and when T and 8 have been observed. When c.g.s. anits are used in equation 
(41 ), the current is given in abamperes. 

Figure 75 shows a slightly Tnodified form of Weber's absolute electrodj^amometer 
in whidi the small coil is suspended in the approiimalely uniform field between two 
la^e circular coils side hy side. 

Tke Siemens electrodynamometer. — The force action between 
two coils is proportional strictly to the square of the current 
which flows through the two coils whatever the shape and rela- 
tive position of the two coils may be, provided only that the 
relative position of the two coils does not change. Therefore, if 
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the force action between the coils is measured, first for a current 
/' and then for a current /", the ratio /'//" is equal to the 
square root of the ratio of the observed force actions. The elec- 
trodynamometer of Siemens is used for measuring current ratios 
in this way. A general view of this instrument is shown in Fig, 
^(ia. The movable coi! B (see Fig. 76^) is suspended by a fine 




thread and its terminals dip into two mercury cups which permit 
of its being connected in series with the fixed coil A. When 
current is allowed to flow through the two coils in series, a torque 
is exerted upon the movable coil by the fixed coil, and the helical 
spring is twisted, by turning the milled head, until the movable 
coil is brought to its standard position, as indicated by the 
pointer which is attached to B. The angle through which the 
milled head is turned is indicated by the pointer which is at- 
tached to the milled head, and this angle is a measure of the 
force action between the coils so that this angle is proportional 
to the square of the current, or the current is proportional to the 
square root of the angle. 
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60, Tbe Bensltlve galTaaometer {Kehin type). — From the equa- 
tion of the tangent galvanometer, equation (36), it is evident that 
a given current will produce the greatest deflection ^ of the 
galvanometer needle when the number of turns of wire in the 
coil is great, when the radius of the coil is small, and when the 
directing field H' is weak. A galvanometer constructed so as 
to meet these conditions and thus give a perceptible deflection 
for a very small current is called a sensitive galvanometer. Such 
a galvanometer is used chiefly for merely detecting the presence 
of current in a circuit The magnet of such a galvanometer is 
usually suspended by means of a fiber of unspun silk or quartz, 
and, in order that small deflections may be easily detected, a 
mirror is usually attached to the suspended magnet so that the 
angular movement of the suspended magnet may be observed by 
means of a telescope and scale. 

Use of a governing magnet. — In order to secure a weak 
directing field H' , the earth's field may be partially neu- 
tralized in the neighborhood of the suspended magnetic 
needle by properly placing a large magnet in the neighbor- 
hood of a galvanometer. This lat^e magnet is called a 
governing ma^et. 
Use of an astatic system of magnetic needles. — Two similar 
'^^•"' magnetic needles NS and 5iV attached to a rod, as shown 
in Fig. 77, constitute what is called an astatic system. Such a sys- 
tem if suspended in the earth's magnetic field would point indif- 
ferently in any direction if the two magnets were exactly alike 
and exactly opposite in direction. If the two needles NS and 
SN are nearly alike the earth's field will have but a very slight 
directing action upon the system. Such a pair of magnetic 
needles may be suspended with one of its magnets inside of a 
galvanometer coil as shown in Fig. 78, or with its two magnets 
surrounded by two properly connected coils as shown in Fig. 79, 
and the result will be an extremely sensitive galvanometer. The 
design shown in Fig. y<) is due to Lord Kelvin. A galvanometer 
constructed after this design with very short magnetic needles. 
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light connecting rod and mirror, and coils containing many turns 
of fine wire may be made to indicate distincdy a current as small 
as one million-millionth of an ampere (io~'* ampere). 
The Kelvin galvanometer may 
be used for the approximate meas- 
urement of very weak currents, be- 
cause the deflection, within a small 
range, is proportional to the cur- 
rent 

61. The sensitive galvanometer 
{lyArsffttval type). — A coil sus- 
pended in a magnetic field is acted 
upon by a torque when a current 
flows through the coil, and the torque is given by the equation 
(38), namely : 

T= abZIH 




Pit. 79. 



as explained in Art. 58. If the coil is suspended by fine wires 
this torque will turn the coil more or less, and, in order that the 
coil may be perceptibly turned by a very weak 
current, the suspending wires (which serve to 
lead current to and from the coil) must be very 
fine, the number of turns of wire in the coil must 
be great, and the magnetic field H in which the 
coil is suspended must be intense. In order to 
obtain a quick movement of the coil it is impor- 
tant to have its breadth b moderately small. 
Figure 80 shows the essential parts of a sen- 
sitive galvanometer constructed according to 
these principles. It consists of an elongated 
coil of fine wire suspended in the strong field 
between the poles of a m^net. This type of 
galvanometer is due to D'Arsonval. It is not 
so sensitive as the galvanometer of the Kelvin *' ' 

type, but it is scarcely affected by outside magnetic influences. 
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The D'Arsonval galvanometer may be used for the approx- 
imate measurement of weak currents, because the deflection, 
within 3 small range, is proportional to the current ; that is 

in which t is the current flowing through the galvanometer, d 
is the deflection in scale divisions, and •& is a propordonaltty 
factor which is called the reducHon factor of the galvanometer. 

PROBI-EMS. 

80. A horizontal wire 10 meters long, stretched due magnetic 
east and west, is pushed up by the horizontal component of the 
earth's field with a force of 2,500 dynes. What is the direction 
and strength of the current in the wire ? The horizontal com- 
ponent of the earth's field is 0,2 gauss. Ans. 125 amperes east 

81. The armature of a dynamo has a length, under the jwle- 
face, of 30 cm. The magnetic field intensity between the pole- 
face and the armature core is 6,000 gausses. ,The surface of the 
armature is covered with straight wires parallel to the axis of the 
armature. Each of these wires carries a current of 75 amperes. 
Calculate the force acting on each wire. Ans, 1,350,000 dynes, 

82. A horizontal electric light wire stretched due magnetic 
north and south carries l ,000 amperes of current flowing towards 
the north. The length of the wire is 250 meters, the intensity 
of the earth's field is 0.57 gauss and the magnetic dip is 63°. 
Find the value of the force pushing on the wire and specify its 
direction. Ans, 1,269,500 dynes west 

83. A drcular coil of wire of 20 cm. radius has 1 5 turns of 
wire. How much current is required in the coil to produce at 
the center of the coil afield intensity of 0.57 gauss? Ans. 0.1 21 
abamperes, 

81. The two straight parallel wires of bd electric light pole-line are 3$ bcbes 
apart center to center, and a current of 500 amperes ii flowing out in one wire uid 
back in the other. Find: (a) The inleouty of the magnetic field doe to the wire* at 
« point midwaj between them, and (f ) the iotensly of the ma^etic field dne to tin 
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two wirei at a point vbich ii 11 iDch«» from the uis of one wire and 28 inches from 
die axil of the other wire. Ana. (a) 4.5 gaiuse*. (() 1.34 gausses. 

85. A thin brass tube 2 inches in diameter and 6 feet long is 
wound with 1,400 turns of wire, (a) Calculate the field intensity 
inside of this coil when a current of 5 amperes flows through the 
wire, {i) Calculate the total energy of the magnetic field inside 
of the coil. Ans. (a) 48.1 gausses. (6) 341,220 ergs. 

88. A tangent galvanometer gives a deflection of lo"* for 1.2 
amperes. Calculate the deflection which will be produced by 15 
amperes. Ans. 65" 35'. 

87. A rectangular frame z$ x 40 cm. has 10 turns of wire 
wound upon it. The frame is balanced horizontally upon an axis 
pointing due magnetic east and west. A current of 28 amperes 
is sent through the wire. Required the distance from the axis at 
which a lo-gram (9,800-dyne) weight must be hung to balance 
the torque action due to the earth's magnetic field at a place 
where its intensity is 0.57 gauss and its dip is 63°. Ans. 
0.74 cm. 

88. A circular coil has 100 turns of wire. The diameter of 
the mean turn is 16 centimeters, and a current of 15 amperes 
flows through the coil. This coil is suspended with its plane 
lying vertical and magnetic north and south, (a) Calculate the 
torque in dyne-centimeters with which the horizontal component 
of the earth's field (0.2) acts upon the coil and specify the direc- 
tion of the axis about which this torque is exerted, (d) Calcu- 
late the torque in dyne centimeters with which the vertical com- 
ponent of the earth's field (0,68) acts on the coil and specify the 
direction of the axis about which this torque is exerted. Ans. (a) 
Axis, vertical ; torque, 6,032 dyne-centimeters, (d) Axis, north 
and south ; torque, 20,508 dyne-centimeters. 

89. A drcalar coil lo cm. in d[anieter, having 50 turns of wire, i« hung bf a phos- 
pbor-broDie wire at the center of a large circular coil Izo cm. in diameter, baling 
500 tDms (rf wire. The suspending wire is free from twist when the planes of the 
two eoits are at right angles, and a torqne of a$0 dyne-centime ten twists the wire 
through one radian of angle. How much carrent must pass thtough the two coils iu 
■cries to cause the suspended coil to turn 30° from its position of eqailibrium ? What 
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btppeni if the carrent U [evened in one wit ? Wbat happens if tbe cuirent it ra- 
verwdin both coiU? Ans. 0.27 Bmpere. 

90. The spiral spring of a Seimens electrodynamometer is 
twisted through an angle of 225" to balance the force action on 
the movable coil when a current of 14 amperes flows through 
the instrument A twist of 160° is required to balance the force 
action of a current which is being measured by the instrument 
Required the value of this current Ans. 1 1.8 amperes. 

91. The horizontal component of the earth's magnetic field at 
the needle of a sensitive galvanometer (Kelvin type) is a 1 8 gauss, 
and its direction b due north. It is desired to produce at the 
needle a resultant magnetic field of 0.02 gauss intensity in a due 
easterly direction. Find the distance and direction from the gal- 
vanometer needle at which an isolated north magnet pole of 
strength 600 gausses must be placed to produce the desired re- 
sult Ans. 57.6 cm., 6" zc/ west of north. 
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CHAPTER V. 

induced electromotive force. 

The Dynamo. 
62. Leuz'slaw. Electromagaetlc thew; a Inaoch of mechanics.* 
— The idea of electric current is strictly analogous to the mechan- 
ical idea of velocity t and an insight into the nature of induced 
electromotive force can be obtained only by drawing a parallel 
between the equations in Mechanics and the equations of Elec- 
tricity and Magnetism. 

The ptodact of the force F eierted on 
a body which movea at velocilj v in the 
direction of 7^ is equ«l to the power P 
developed hy ibe agcot wbicb is execting 
the form on the bodj ; that is 

P^Fi> 
\a which P is expressed io ergs per MC- 
ond it F a expressed in djnes and v in 
cenlimeleis per second. There are no 
nunc* lor ihe units of force and velodtj 
which coircspond tO the watt Bi a unit 



The product of the eleclromotive force 
£ of a generator and the current / de- 
livered by the generator is equaJ to the 
power P delivered hj the generator to 
the circuit to which the generator delivers 
current That!*, 

F=zEI 
in which P is expressed in ergs per sec- 
ond if E is expressed in abvolts and J 
in abamperes, at P a expressed in watts 
if E is expressed in volts ukI / in 

In order to produce a cuirenl / through 
a circuit of which the resistBOce is E, an 
electromotive force equd to EI b re- 
quired ; that is, 

E = RI 

Multiplying both members of this equation 

* The mechanical aoalogies which are outlined in this article are exact and com- 
plete. Any one who is interested in the full details of this matter should read a re- 
markable paper on 7%t Mi^ipn of Mona<yc!ic Syitems by H. von Helmholti, Crelle's 
Journal, Vol. 97, pp. Ill and 317. A very interesting and instructive book entitled 
Applicatiimt tf Dynamics to Phyiics and Ckemistry, by J. J. Thomson, touches in- 
directly upon this matter. See also Art. 125 of this text. 

tElectrk current is velocity and it is entirely meaningless to speak of the 
velocity with which an electric current flows along a wire. This mailer will be made 
clear when we come to discuss electric waves. 



A force F acts upon a boat and in- 
creases the velocity v of the boat until 
all of the force F is used to overcome the 
friction of the water. Ltt us assume that 
the friction af Ihe water it proportional 
to the velocity of the boat, or equal to rv 



117 



byGoogIc 



Il8 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

br Ike CDTTenl tad reaemberiiig that £/ 
ii eqiwl to the power delivered to the cir- 
cuit, w« have 

/•= J/" 

In these eqaatiom X vaaj be eipressed 
in <duiit, / in amperes, £ in volts and 
P in vratti, or X may be eipressed in 
abobnu, / in abunperes, £ \a abvotti 
and f in ergs per second. 



Mnldplying both members of thii eqoa- 
tioD by V and remembering that /v ii 
the power that is delivered to tbe boat. 



la tbese equations cg.s, oniti are most 
coaveaiently used, that is, ^ is eipreised 
in dynes, v in centimeters per second, 
and P in ergs per second. Tbe ooefGdent 
r is exactly analogous to tbe resistance 
of an electric circuit. 

Consider the wires on the surface of the cylinder A in Fig. 63 
with electric currents flowing through them as indicated by the 
dots and crosses. These wires are pushed sidewise by the mag- 
netic field, as explained in Art J I. and, if the cylinder A is 
allowed to turn so that the wires A move with * this side force, 
mechanical work is obtained. Where does this work come from? 
If the cylinder A is forcibly turned so that the wires move a^awtrf 
the side force with which the magnetic field pushes on them, 
mechanical work is expended. Where does this work go to ? 
The present chapter is devoted to the consideration of these two 
questions, and some idea of the conclusions which will be reached 
may be obtained by a brief discussion of the analogous mechanical 
problem. A person standing on the swinging span of a draw- 
bridge as shown in Fig. 8 1 is acted upon by a centrifugal force, as 
indicated by the arrow, and this centrifugal force depends upon the 
angular velocity of the moving span. If, while the span is swing- 
ing, the person walks towards the center of the span, he does work 
in moving himself against the centrifugal force, and thlB wtffk helps 
to torn the span. If the person walks away from the center of the 
swinging span he is helped by the centrifugal force, or, in othtr 
words, he receives energy or work from the swinging span, mtm 

* A body ii said to move wi/h a force which acts upon it when it moves in the 
direction of the force. A body is said to move against a force wfaich acts npoD it 
when it moves in a direction opposite to the direction of the force. 
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work Is reqaired to keep the spaa tuntJng than vould otherwise be 
necessary, and the work received by the moving person is equal to 
the additional work so expended in turning the span. 



I\ IK^I\ 



Inasmuch as the idea of electric current strength is strictly 
analogous to the mechanical idea of velocity, the question as to 
what becomes of the work done in moving a wire against a force 
which depends on the current is strictly analogous to the question 
as to what becomes of the work done in moving a body against a 
force which depends on velocity. Therefore the above example of 
a person moving radially on a swinging bridge span is analogous 
to the following : A wire is connected to a battery so that an 
electric current flows through it, and ^he wire is stretched across 
a magnetic field as shown in Fig. 6 1. Under these conditions the 
magnetic field pushes sidewise on the wire, and this side force 
depends on the current. If the wire be moved sidewise against 
this force, work has to be done and this work helps to maintain the 
current. If the wire is moved in the direction of tlie side force, the 
side force does work in helping to move the wire, more work Is re- 
quired to keep the coirent flowing than would otherwise be neces- 
sary, and the work received by the moving wire is equal to the ad- 
ditional work thus done in keeping the current flowing. 

In the example of the swinging bridge span, the force exerted 
by the engine which drives the span must be supposed to be 
greater or less according as the man is moving outwards or in- 
wards {with or against the centrifugal force) if the velocity of 
turning is to be kept constant. In the example of the moving 
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wire, the battery which supplies the electric current must be sup- 
posed to have a greater or less electromotive force according as 
the wire is moving with or against the side force due to the mag- 
netic field if the strength of the current is to be kept constant 

The action described above in connection with the motion of a 
man on a swinging bridge span may be perceived in a very strik- 
ing way by holding weights in one's hands, swinging round and 
round on one's heel, and drawing the weights inwards or extend- 
ing them outwards repeatedly. 

The facts outlined above in connection with the moving wire, 
constitute what is called Lem's law, a more elaborate statement 
of which will be given later, 

63. Induced electromotlTe force. — Faraday discovered in 1831 
that a momentary electric current is produced in a coil of wire 
when a magnet is thrust into a coil or ■withdraum from the coil, 
or when an iron rod upon which the coil is wound is magnetised 
or demagnetized. The motion of the magnet in the first case or 
the varying magnetism of the iron rod in the second case, pro- 
duces a momentary electromotive force in * the coil and this elec- 
tromotive force in its turn, produces a momentary current if the 
coil forms a portion of a closed circuit. The electromotive force 
and electric current produced in this way are called induced elec- 
tromotive force and induced current 

Examples of Lens's law. — A current' induced in a coil when a 
magnet is thrust into the coil is in such a direction as to tend to 
push the magnet out of the coil, and the work done in moving the 
magnet against this opposing force is the work which goes to 
produce the induced current The current induced in a coil when 
a magnet is withdrawn from the coil is in such direction as to 
tend to draiw the magnet into the coil and the work done in mov- 
ing the magnet c^ainst this opposing force is the work which 
goes to produce the induced current When an iron rod with a 

*Oae should slwaja speak of the electromotive force bedreen two polata, nererof 
the electFomotiTe force Id a drcult, except tm\j when one is speaking of an ladnced 
electromotiTe force. 
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ahort-drcuited winding of wire is magnetized, the current induced 
in the winding opposes the magnetization and more work is re- 
quired to magnetize the rod than would be required if the in- 
duced current did not exist Thb additional work is that which 
produces the induced current 

64. ElectnmotlTe force Indnced in a Btraiglit wire moving side- 
wise across a nnif onn magsetic field. — Consider a straight wire 
BB', Fig. 82, which slides sidewise at a velocity of v centime- 
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ters per second along two straight wires or rails AB and A'B', 
distant / centimeters from each other. The rails AB and 
A'B' are connected at AA' so that ABB' A' is a closed cir- 
cuit. The whole arrangement is placed in a uniform magnetic 
field of intensity H, the direction of the field being perpendic- 
ular to the plane of the figure and towards the reader. The 
motion of the wire BB' induces in it an electromotive force E 
which in its turn produces a current / in the circuit ABB'A', 
and because of this current the magnetic field pushes the wire 
BB' sidewise with a force F as indicated in the figure. The 
rate at which work is done in moving the wire BB' against the 
force F at velocity v is Fv ergs per second, and the rate at 
which work is done by the electromotive force E in maintaining 
•the current / is EI ei^s per second, E being expressed in 
abvolts, and / being expressed in abamperes. According to 
Lenz's law. the work done in moving the wire B& against the 
force F goes to maintain the current Therefore we have 
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Fv = Et (i) 

and from equation (28), in Art. 52, 

F~IIH 
whence, substituting this value of F in equation (i), we have 

E^lHv (42) 

that is, the electromotive force induced in a wire / centimeters 
long, moving sidewise at a velodty of v centimeters per second 
across a uniform magnetic field of intensity H is equal to the 
product IHv. This product expresses the induced electromotive 
force in c.g.s. units or abvolts, one abvolt being an electromotive 
force which will do work at the rate of one erg per second 
in maintaining a current of one abampere. One volt equals 
10* abvolts. 

60. Expression of Induced electromotiTe force in tenns of lines 
of force cut per second. — During / seconds the sliding piece 
BB', Yvg. 82, moves over a distance vt and sweeps over Ivt 
square centimeters of area. The product of this area by the field 
intensity H gives the number of lines of force ^ which pass 
through the area according to equation (18), and this is the 
number of lines of force cut by the moving wire in t seconds, 
that is, 

* = IHvt (i) 

Dividing both members of this equation by t, we have 

but *// is the rate at which the moving wire BB' cuts lines 
of force, or, in other words, it is the number of lines of force cut 
per second, and IHv is the electromotive force in abvolts induced 
in the wire, according to equation (42). Therefore the electro-^ 
motive force in abvolts induced in a moving wire is equal to the 
number of lines of force cut per second by the moving wire. This 
result is true for any wire, straight or curved, moving in any 
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manner in any magnetic field, uniform or non-uniform, although 
the derivation here given applies to the motion of a. straight wire 
acro&s a uniform field. 

66. Expression of Induced electromotlTe force in terms of rate of 
duuge of magnetic flax tbrougb a circuit.* — The total magnetic 
flux through the circuit ABB' A', Fig. 82, is given by equation 
(i), Art. 65, and the rate at which the moving wire BB' cuts 
lines of force is the rate of increase of ^. Therefore tke eUctro- 
moHve force induced in a circuit is equal to the rate of change of 
the magnetic flux tlirough the circuit, that is, 

d^ 

Experiment shows this equation to be true when the change of 
magnetic flux is due to motion and also when the change of mag- 
netic flux is due to varying strength of the magnetic field. 

The negative sign in equation (43) has no immediate importance. 
It is chosen in accordance with the following convention. A 
right handed screw with its axis parallel to the magnetic field H 
(directed towards the reader in Fig. 82) would have to be turned 
in a direction opposite to the flow of induced current produced by 
an increasing flux in order to make the screw travel in the direc- 
tion of H. It is therefore convenient to look upon the induced 
current or the induced electromotive force as negative when 
d^fdt is positive. 

Equation (43) expresses the electromotive force induced in a 
single turn of wire. When a region of changing magnetic flux is 
surrounded by Z turns of wire, then equation (43) expresses the 
electromotive force induced in each turn of wire, and the total 
electromotive force is 

d^ 

£--^^ («) 

*Let it be remembered that tbe fundamental actioD Qpon which indaced electro- 
mati*e force depends U the cutting Iht tints af farci bf a moving conductor or the 
lwU[Hng of moring lines of force pait a stationary coodnctor. 
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67. The dynamo. — The dynamo is a machine for the produc- 
tion and maintenance of an electric current when the machine is 
supplied with mechanical power, or, conversely, for the develop- 
ment of mechanical power when the machine is supplied with 
electric current When used for the former purpose the dynamo 
is called an electric generator, and when used for the latter pur- 
pose, the dynamo is called an electric motor. 

The action of the dynamo as a generator is essentially as 
follows: A wire is forced by an external source of mechanical 
power to move sidewise across a magnetic field. This motion 
induces an electromotive force in the wire and this electromotive 
force produces a current in the circuit which is connected to the 
ends of the wire. The induced current causes the magnetic field 
to push on the moving wire in a direction opposite to its motion, 
and the work done in overcoming this opposing force is the work 
that goes to maintain the induced current 

The action of the dynamo as a motor is essentially as follows: 
An electric current from an external source is forced through a 
wire which is allowed to move sidewise in a magnetic field in the 
direction of the ^de push upon it, thus developing mechanical 
power. The motion of the wire induces in it an electromotive 
force which opposes the flow of current through the wire, and the 
work done by the external source of electric current in forcing 
the current through the wire in opposition to this induced electro- 
motive force is the work which appears as mechanical energy in 
the motor. 

The above-described action of the dynamo as a generator and 
as a motor constitutes a complete statement of what is called 
Lenz's Law, namely, that an induced current leads to the pro- 
duction of a force which opposes the action which produces it 
and the work done in overcoming this opposing force is the work 
that goes to produce the induced current. 

Types of dynamos. — There are two distinct types of dynamo 
electric machines, namely, {a) alternating-current machines and 
(b) direct-current machines. The alternating-current generator 
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delivers what is called an alternating current, that is, a. current 
which is subject to rapid periodic reversals of direction. The 
direct-current generator, on the other hand, delivers a current 
which is not reversed in direction and which is usually quite 
steady in value. 

68. The alteniatliis-ciirTent dynamo. — The simplest form of 
the alternating-current dynamo is shown in Fig. 83. A wire JV, 




perpendicular to the plane of the paper, is moved sidewise along 
the dotted line so as to cut the ma^etic lines of force which 
emanate from the inwardly projecting poles NSN'S of a lai^e 
electromagnet which is called the ^eld magnet of the alternator. 
While the wire is sweeping across a north pole an electromotive 
force is induced in it in one direction, and while the wire is sweep- 
ing across a south pole an electromotive force is induced in it in 
the opposite direction. This repeatedly reversed electromotive 
force is called an alternating electromotive force and it produces an 
alternating current in the wire and in an outside circuit to which 
the ends of a wire may be connected. 

In commercial alternators large numbers of wires are used in- 
stead of the single wire W shown in Fig. 83, and these wires - 
are placed in slots in the periphery of a rotating cylindrical mass 
of laminated iron. Thus, Fig. 84 shows 4 wires in 4 slots and 
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Fig. 85 shows 16 wires in 16 slots. Figures 84^ and S$6 are 
what are called developed diagrams which show how the wires 
are connected to each other and how they are connected to two 








Fig. 85t. Pie. esb. 

insulated metal rings r and r* upon which two metal brushes 
. a and & rub, thus keeping the moving wires connected to an 
outside receiving arc u it 

The laminated iron cylinder AA with its winding of wire is 
called the armature of the alternator, tlie metal rings r and r' 
are called collector rings. The field magnet of an alternator must 
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be excited by direct current which is generally supplied by a 
small auxiliary direct-current generator called the exciter. 

Definition of the cycle. Frequency. — The electromotive force 
of an alternator passes through a set of positive values while a 
group of armature wires is passing a north pole of the field 
magnet, and through a set of negative values while the given 
group of armature wires is passing a south pole of the field mag- 
net The complete set of values, including positive and negative 
values, is called a cycle, the duration of a cycle is called 3. period, 
and the number of cycles per second is called ^t frequency. If 
the field magnet of an alternator has / poles (^/2 north poles 
and p\z south poles), then the frequency of its electromotive 
force is pn\2, where « is the speed of the alternator armature 
in revolutions per second. This is evident when we consider 
that a complete cycle corresponds to the passage of a given group 
of armature wires across two field poles, a north pole and a south 
pole, so that there are p^z cycles in one revolution. The 
standard frequencies of com- 
mercial alternators in practice 
are 25 cycles per second for 
large installations for the 
transmission of power, 60 cy- 
cles per second for alternators 
which supply current for both 
lamps and motors, and 133 
cycles per second for the older 
styles of alternators which 
supply current to lamps only, 

69. The dlrect-cuirent dy- 
namo is somewhat more com- 
plicated than the alternator. 
The following description ap- 
plies to the direct-current dynamo having an armature of the so- 
called ring type, and having a bipolar field magnet. An iron ring 
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ab which is built up of sheet iron stampings, is wound uniformly 
with insulated wire as indicated in Fig. 86, the ends of the wire 
being spliced together and soldered so that the winding is endless. 
This iron ring with its winding of wire is called the armature of 
the machine, and it rotates, as indicated by the curved arrow, be- 
tween the poles of a strong field magnet. 

The wires on the outside of the iron ring have electromotive 
forces induced in them as they move across the pole faces of the 
field magnet and cut the lines of force. These electromotive 
forces cannot, however, produce current in the endless wire that 
is wound on the armature, because exactly equal and opposite 
electromotive forces are induced on the opposite sides c and d 
of the ring, as shown diagrammatically in Fig. 87 in which the 





circle adbc represents the endless wire on the ring. A steady, 
or very nearly steady, current can, however, be taken from the 
winding on the ring by keeping the terminals of an external cir- 
cuit /, Fig. 88, in metallic contact with the windings on the ring 
at a and b. For this purpose the insulation may be removed 
from the outer portions of the wire windings on the ring and two 
stationary metal or carbon brushes SS, Fig. 88, may be ar- 
ranged to rub at a and b as the ring rotates. In practice wire 
leads are soldered to the various turns of wire on the ring and 
connected to insulated copper bars near the axis of rotation as 
shown in Fig. 89. Sliding contact is then made with these 
cofiper bars instead of with the turns of wire at a and b 
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directly. This set of copper bars constitutes what is called the 
c&ntMutator. 

Shunt and series field windings. — The field mf^et of a direct- 
current generator is usually excited by current taken from the 
machine itself. The winding of wire on the field magnet may 
consist of many turns of comparatively fine wire having a con- 
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siderable resistance. In this case the terminals of the field wind- 
ing are connected directly to the brushes of the machine, and 
from two to ten per cent, of the permissible current output of the 
generator flows through the field windings and excites the field, 
the remainder of the permissible current output being available 
for use in the external circuit In this case the field winding and 
the outside receiving circuit are in parallel with each other between 
the brushes, so that the field winding is in the relation of a shunt 
to the outside receiving circuit. A direct-current dynamo with 
its field windings arranged in this way is called a shunt dynamo. 

The winding of wire on the field magnet of a direct-current 
dynamo may consist of comparatively few turns of heavy wire 
having a low resistance. In this case the field winding is con- 
nected in series with the external receiving circuit, the whole cur- 
rent delivered by the machine flows through the field winding, 
and from two to ten per cent, of the electromotive force developed 
by the machine is used to force the current through the field 
winding, the remainder being available for forcing current through 
the external receiving circuit. A direct-current dynamo with its 
field windings arranged in this way is called a series dynamo. 
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The multipolar direct-current dynamo. — Figure 90 shows a 
ring armature rotating inside of a crown of six inwardly project- 
ing field magnet poles. The electromotive force induced in the 
windings as they sweep across the pole faces cannot produce cur- 
rent in the endless wire that is wound on the ring, because the 
electromotive forces induced under the north poles are just 
balanced by the electromotive forces induced under the south 
poles, as shown diagrammatically in Fig. 91. To utilize the in- 
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duced electromotive forces eeeeee, Fig. 91, for the production of 
direct current, six brushes aaa and bbd. Fig. 90, should be used. 
Three of these brushes maintain contact with the windings at 
aaa, and through all three of these brushes current flows out of 
the armature to one terminal of a receiving circuit. The other 
three brushes maintain contact with the windings at bbb. Fig, 91, 
all three of these brushes are connected to the other terminal of 
the receiving circuit and current flows into the armature through 
all three. The three brushes aaa together constitute the positive 
terminal of the armature, and the three brushes bbb together 
constitute the negative terminal of the armature. 

Number of current paths in the armature between positive and 
negative brushes. — In the bipolar direct-current dynamo two 
brushes are used as shown in Fig. 88, and the current which 
enters the armature at the negative brush divides into two parts 
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and flows through two distinct paths in the armature winding to 
reach the positive brush. In the particular multipolar dynamo 
shown in Figs. 90 and 91 the current enters the armature through 
three brushes, and the current which enters at each of the three 
brushes divides into two parts and flows through two distinct paths 
to reach a positive brush. Therefore in this particular machine, 
having six field poles, there are six current paths through the 
armature from negative to positive brushes.* 

70. Pinifl«niBnt»l equtioil of tbe dliect-cnmnt dynaaio. — Let 4> be tbe mag- 
□etic flax which enters tbe aimature from the north pole of the field msgnet Kod leaves 
the aiinature at tbe south pole of (he field magnet, let Z be the iiunil}eT of coDduclors 
on Ibe outside lurfBCe of the annalure, let n be the speed of the Hmiature !□ levola- 
tiong per sccood, and let E, be the electromotive force induced io the armature wind- 
ii^. A voltmeter connected to the brushes of Ihe dynaroa would indicate the value 
of E, if the current in the armature were Degligibly small ; wheo the current in the 
armature is large, a portion of E^ is used to overcome the armature resistance. The 
equation which expresses the relation between Et, 4', Z, and n is called ihejunda- 
mtntal equation of the dTnsmo. This equation is here derived for the simplest cose, 
namelj, that of ■ bipolar d]rDBiDO with simple ring-wound armature. Id this cue 

Ea = *Zh abiolls (45a) 

or 

•^• = *3''°"« !«') 

Proa/e/tfuaiion {4Sa). — Dunug l/n second tbe armature makes one complete 
revolution, so that during l/2n second a given conductor sweeps past a field pole 
from d Id j in Fig. 86 and cuts * lines of force. Therefore this conductor cuts 
lines of force at an average rate which is equal to ♦+ l/an, or a*» lines of force 
per second ; which is equal to the aiieragi electromotive force induced in the given 
conductor during thi time that it is moving from a to J in IHg. 86 ; also this is the 
aiwm^^ electromotive force in all of the conductors between a and b at any instant. 
Therefore, since there are Z\z irrnature conductors or wires in series between a 
and b, tbe electromotive force between a and b is equal to Z/zX'^"! <"' 
E^^iZn abvolts. 

71. The induction coll.f — An iron rod wound with insulated 
wire may be repeatedly magnetized and demagnetized by con- 
necting a battery to the winding and repeatedly making and 
breaking the circuit The increasing and decreasing magnetic 

'A tjpe of armature wiikding which is frequently employed provides bot two paths 
through Ihe armature winding irrespective of Ihe number of field magnet poles. 

t The induction coil was invented by Ruhmkorft In 185S and it U frequently called 
the Ruhmkerff coU. 
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flux thus produced through the rod may be utilized to induce 
electromotive force in an auxiliary coil of wire wound on the rod. 
Such an arrangement is called an induction coil. The winding 
through which the magnetizing current from the battery flows is 
called the primary coil and the auxiliary winding in which the 
desired electromotive force is induced is called the secondary coil. 
The iron rod is always made of a bundle of fine iron wires to pre- 
vent the flow of eddy currents as explained in Art 74. 

When the iron rod or core is magnetized a pulse of electromo- 
tive force is induced in the secondary coil, and when the iron core 
is demagnetized, a reversed pulse of electromotive force is induced 
in the secondary coil. These impulsive electromotive forces may 
be made very large in value, hundreds of thousands of volts, by 
making the secondary coil of many turns of wire and by provid- 
ii^ for the quickest possible magnetization and demagnetization 
of the core. 

A battery or any ordinary current generator does not magnetize 
a core very quickly when connected to a winding of wire ; in 
fact, a very considerable fraction of a second is usually required 
for the core to become magnetized. Therefore, during the mag- 
netization of the iron core of an induction coil the electromotive 
force induced in the secondary coil is a comparatively weak pulse 
of long duration. 

On the other hand, proper arrangements permit of an extremely 
quick demagnetization of the iron core of an induction coil when 
the battery is disconnected from the primary winding, and this 
quick demagnetization induces in the secondary coil an intense 
pulse of electromotive force of short duration. 

The quick demagnetization of the iron core of an induction 
coil is accomplished as follows : Figure g2a shows the connections 
of a battery to the primary coil. The battery is connected and 
disconnected by making and breaking contact between the metal 
terminals tt. Two large metal plates separated by an insulator 
(a condenser) are connected to the terminals tt as shown. 
When the points tt are connected together the core is slowly 
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magnetized by the current from the battery. When the points 
tt are separated, the current persists in flowing for a short in- 



Be. 93a. 

terval of time, this persisting current flows into the condenser 
plates, and the electric charge which thus accumulates on the 
plates surges back through 
the circuit as a reversed cur- 
rent and demagnetizes the 
iron core. 

Figure 92^ shows a com- 
plete induction coil. The 
condenser is mounted inside 



of the box-like base. 
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72. The altemating-curreiit transformer consists of two coils of 
wire, a primary coil and a secondary coil, wound upon an iron 
core. This iron core is built up of strips of sheet iron, and it 
usually forms a complete magnetic circuit as shown in Fig. 93. 
Figure 94 shows a sectional view of Fig. 93 ; the primary coil is 
represented by PP and a secondary coil by SS. Either coil 
of a transformer may be the primary coil according to the way in 
which the transformer is used as explained later. The induction 
coif and the alternating-current transformer are identical, except 
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that the iron core of the induction coil is not a complete magnetic 
circuit, but has magnet poles at its ends. The effect of these 
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magnet poles is to facilitate the quick demagnetization of the core 
when the primary circuit of the induction coil is broken. 

The action of the transformer. — Alternating current is supplied 
to either coil of the transformer. This alternating current pro- 
duces rapid reversals of magnetization of the iron core. These 
magnetic reversals induce an alternating electromotive force in 
the other coil which delivers alternating current to any circuit to 
which it may be connected. The coil of a transformer which re- 
ceives alternating current is called the primary coil, and the coil 
which delivers alternating cuitent is called the secondary coil. 

Step-up and step-down transformation. — Usually, one coil of a 
transformer has many more turns of wire than the other. The 
coil of many turns may act as the primary coil, taking a small 
current at high electromotive force from an alternator ; and in 
this case the coil of few turns will be the secondary coil, and it 
will deliver a large current at low electromotive force to a receiv- 
ing circuit. This action is called step-down transformation. 

The coil of few turns on the other hand may act as the primary 
coil, taking a large current at low electromotive force from an 
alternator; and in this case the coil of many turns will be the 
secondary coil and it will deliver a small current at high voltage 
to a receiving circuit This action is called step-up transformation. 

The object of step-up and step-down transformation may be 
explained as follows : The transmission of a given amount of 
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power elec^cally may be accomplished by transmitting the large 
current output of a low voltage generator, or by transmitting the 
small current output of a high voltage generator. In the former 
case very large and expensive transmission wires must be used or 
the loss of power in the transmission wires will be excessive. In 
the latter case, comparatively small and inexpensive transmission 
wires may be used without involving an excessive loss of power. 
Therefore high electromotive force is a practical necessity in the 
long distance transmission of power. The user of electric power 
must however be supplied with current at low electromotive 
force, partly on account of the danger involved in the use of high 
electromotive forces, and partly on account of the fact that many 
types of electrical apparatus cannot be operated satisfactorily with 
high electromotive force ; also it is inconvenient and dangerous to 
generate very high electromotive forces in a complicated machine 
like an alternator which must be cared for by an attendant 
These difficulties are met by employing a transformer for step-up 
transformation at the generating station and another transformer 
for step-down transformation at the receiving station. 

High efficiency of tke transformer. — The transformer is not only 
cheap to construct and cheap to operate, but it is extremely 
efHcient The efficiency ranges from 95 or 96 per cent, for 
small sized transformers to 98 per cent or more for transformers 
of large size. 

73. Current and elKtromotire force raUtlou of the truefonnei. — Iq Ibe 

following discuasioD Z' represents the nniobei of tunu of wire in the priUMiy Mil, 
■nd Z" the nomber of toros of wire in the secoodaiy coil. The effect of Ihe elee- 
tiicBl resistance of the coils, which is (unilly ijuile small in practice, is ignored, and 
all of the magnetic Sux which passes through ooe coil b assumed to pus throogh the 
other coil also. 

{it^ RUctrtmotiot farce relatuMt. — Let E' be the elTectiTe value of the alter- 
aating electromotive force which acts on the primary coll of ■ transformer, and let E" 
be the effective value of the electromotive force indaced in the secondarj coil of Ibe 
transfonner. Then ..^ 6 M '^ . ' 

— -=— '"^ (.6) 

E" Z" ; ^^' 

Tlus relation maj be shown to be true as follows ; The only thing which opposes Ihe 
How ti cnmnl throogh the primary coil is the reactiiig electrcnnotive fbrM indnced in 
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tbe primu7 coil b; the rereruli of nmi^etizatioa of the oore (resJstuice of primur 
coil being Delected). Therefore, the elecUomotiTe force which >cU upon the primu; 
coil ii equal and opposile to the electromotive fonx which ia induced ia the primuj 
coil bj the QwgQetic levenals of the core. The maguetic reversals <^ tbe core, how- 
ever, induce a certaiu electiomotive force e in each torn of wire surrounding tbe am. 
ThcTcfbrc the total electromotive force ioduced in the primary coil IS Z'l and Ae 
total electromotiie force indaced in the secondu7 coil ii Z"/ M that the ratki of (be 
two electromotive forces is equal to Z'/Z". 

(i) Current relations. — The electromotive force which is induced in the prinMij 
ooil of ■ transformer balances the electromotive force which is applied to the ptim»ij 
ooU as explained above, and the range of reveiuls of m^netiiatios of the core mtut 
be such as (o induce this reading eledromotive force in the primary coil. There- 
fore tbe combined magnetizing action of primary and secondary coils is always such 
■S to migneliie the core to that degree which will make the reacting electromotive 
force JD the primaiy coil equal to the electromotive force of the alternator which is 
forcing current through the primary coil. 

When the secondary c<m1 is on open circuit, just enough current flows through tbe 
primary coil (o produce the degree of magnetization above specified. Let this value 
of the primary current, which is called the magoetisjug current of the tranifiKmer, 
be represented by t. When a current /" is taken Irom thesecondarycoil a current 
^ in addition to tbe magnetizing current ■' Rows through the primary ctnl. Tbe 
cnrrent i still suffices to magnetise tbe core, and the monetising action of /"' is ex- 
actly neutralized by the equal and opposite magnetiiing action of /'. The magiKtii- 
ing action of /" is measured by the product Z"I" and the magnetiiing of /* ii 
measured by the product Z'/', so that, ignoring algebraic signs, we have 
^, ^- 

Z'i' = z"j" 

'\ 

74. Eddy cnrreiits. Lamination. — When an iron rod is mag- 
netized or demagnetized, the changing magnetic flux through the 
central portions of the rod induces electromotive forces around 
the outer portions of the rod, and these electromotive forces pro- 
duce what are called eddy currents. Eddy currents are also 
produced in a mass of metal which is near to a moving m^^et 
or which moves in the neighborhood of a stationary magnet 

Lamination. — Those parts of electrical machinery which arc 
subject to rapid and frequent changes of magnetization are always 
built up of iron wire or of thin sheets of iron so as to leave the 
iron continuous in the direction of the magnetization but discon- 
dnuous in the direction in which the eddy currents tend to fiow. 
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Such a mass of iron is said to be laminated. The iron parts of 
dynamo armatures and of transformers are always laminated. 

Examples of eddy currents. — A suspended magnet which is 
set oscillating about its axis of suspension is quickly brought to 
rest if It is surrounded by a massive ring of copper, because the 
eddy currents induced in the copper by the moving magnet act 
upon the magnet with a force which is at each instant opposed to 
the motion (Lenz's Law). 

A sheet of copper which is suddenly thrust between the 
poles of a strong electromagnet behaves as if it were movii^ 
in a viscid liquid. Eddy currents are induced in the copper 
and, because of these eddy currents, the magnet exerts a force 
upon the copper which is always opposed to the motion (Lenz's 
Law). 

An interestii^ effect of eddy currents is their action in prevent- 
ing the sudden magnetization or demagnetization of a solid iron 
rod. Thus, a bundle of iron wires surrounded by a winding of 
wire is magnetized say in one second when the winding is con- 
nected to a given battery, and demagnetized in a much shorter time 
when tfie battery is disconnected. A solid iron rod of the same 
size would require perhaps nine or ten seconds to be magnetized 
by the same coil and baQsry, and the solid rod would lose its 
magnedsm very slowly when the battery is disconnected. The 
eddy currents in the solid rod oppose the magnetization ivkile the 
rod is being magnetized, and they tend to keep up the magnetizaiion 
while the rod is being demagneHzed (Lenz's Law). Another in- 
teresting effect of eddy currents is that which is exemplified in the 
ordinary "medical" induction coil, in which the "power" of the 
coil is adjusted by moving a brass or copper tube which surrounds 
the iron core of the coil. When the tube surrounds the entire 
core a sudden break in the primary circuit results in a slow de- 
magnetization of the core because of the eddy currents in the tube 
which tends to keep up the magnetization, but when the tube b 
withdrawn the core is demagnetized very quickly when the 
primary circuit is broken. 
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Problems. 

92. Let it be assumed that the force required to propel a canal 
boat is proportional to the velocity of the boat A force of 50 
pounds is required to maintain a velocity of 5 feet per second, 
(a) Find the value of the coefBdent by which the velocity of the 
boat must be multiplied to give the frictional drag and specify the 
unit in terms of which this coeifident is expressed, (i) Find the 
velodty at which the boat would be propelled by a force of 36 
pounds, (r) Find the rate at which work is done by a force of 
36 pounds in propelling the boat Ans. (a) 10 pounds per 
(foot per second), {d) 3.6 feet/second, {c) 129,6 foot-pounds/ 
second. 

93. When a force of 50 pounds is applied to the above canal 
boat the boat starts from rest and after some time reaches its full 
speed of 5 feet per second. At a given instant the velodty of the 
boat is 3 feet per second. At this instant : (a) Find the rate at 
which work is done on the boat by the propelling force. (6) Find 
the dragging force which is acting on the boat, (c) Find the rate 
at which work is dissipated in overcoming the friction of the water, 
(ij?) Explain what is becoming of the difference between (a) and 
(^). Ans, (a) 1 so foot pounds/second, (d) 30 pounds, (c) 90 
foot-pounds /second. 

84. An electromotive force of 50 volts acts on a drcuit of which 
the resistance is 10 ohms. At a certain instant during the time 
that the current is growing from zero to its full value the current has 
an actual value of 3 amperes. At this instant : (a) Find the rate 
at which the generator delivers work to the drcuit (6) Find the 
dragging force in volts which is opposing the flow of the current 
through the drcuit. (c) Find the rate at which work is dis^pated 
in overcoming the resistance of the circuit (d) Explain what is 
becoming of the difference between (a) and (c). Ans. (a) 150 
watts. (6) 30 volts, {c) 90 watts. 

96. A vertical wire 3 meters long is moved sidewise, towards 
magnetic east or west, at a velocity of 25 meters per second. 
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Find the electromotive force induced in the wire in volts, the 
horizontal component of the earth's field being o.i8 gauss. 
Ans. 0.0013s volt. 

96. The pole-face of a dynamo is 30 centimeters long in the 
direction parallel to the axis of the armature, and the field inten- 
sity in the gap space between the pole-face and the armature core 
is 6,000 gausses. The wires on the armature are 12 centimeters 
from the axis of the armature, and the speed of the armature is 
1,800 revolutions per minute. Find the electromotive force in 
volts induced in each armature wire (30 centimeters in length) as 
it passes across the pole-face. Ans. 4.07 volts. 

97. A single wire fV, Fig. 83, is rotated along the dotted 
line in Fig. 83 at a speed of 25 revolutions per second. The 
magnetic flux which emanates from each north pole of the field 
magnet and which enters each south pole is 2,500,000 lines. 
(a) Find the average value of the electromotive force induced in 
the wire during the time that it sweeps from a point midway be- 
tween two field poles to the next point midway between two 
poles, {i) Find the number of cycles per second through which 
this induced electromotive force passes. Ans. (a) 2.5 volts. 
(d) go cycles per second. 

98. The alternator specified in problem 97 has a winding as 
shown in Fig. 84. Find the average value of the electromotive 
force induced in the winding during the time that the armature 
is making one fourth of a revolution (that is, during the time that 
the slots containing the wires travel from a point midway between 
the pole pieces to another set of points midway between the pole 
pieces. Ans. 10 volts. 

99. The core of an induction coil carries 100,000 lines of 
magnetic flux, when current is flowing through the primary coil. 
When the primary circuit is broken the flux in the core drops to 
10,000 lines in 0.003 second. How many turns of wire are re- 
quired in the secondary coil in order that an average electromo- 
tive force of 25,000 volts may be induced in this coil during the 
0.003 second? ^"^- 83,333 turns. 
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100. The riag tnnature of ■ diiect-curreat bipolar dyouno has 260 turu of wire 
npoD it, the unialure is driveo at a speed of 1,200 revolutions per miante, ud the 
DiagDetic flu from a pale-bee into the armatnie core is 3,300,000 liaes. Calcnlatc 
the electromotive force of the dynamo io volts. Ans. 114.4 volts. 

101. The armature described in the above problem has upon 
it 500 feet of pure copper wire 325 mils in diameter. What is 
the resistance of the armature from brush to brush ? Ans. 
0.0 1 25 ohm. 

t dfoamo the trite on the arautuie constitotes two paths 

102. A tracifbrmer takes altemaiing ctureot from supply mains at 1,100 volts and 
delivers current to service mains at 1 10 volts. The primary coil of the transtonner 
has 560 turns of wire. How many turns of wire are there in the secondary coil ? 
The translbrmer delivers 350 amperes to the service mains. How much current does 
it take from the supply mains? A usual allowance in transSmner coils is i,aoo cir- 
cular mils sectional area of wire for each ampere. Fiiid«iie of wire used in primary 
ccmI and in secondary ooil of the transformer. Ans. 56 tonu, 25 amperes, 35,000 
dr. mils, 350,000 dr. mils. 
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CHAPTER VI. 
ELECTRIC MOMENTUM. INDUCTANCE. 

76. Tlie momentam of the electric cturent. Spark at break.' — 
The analogy between electric current strength and velocity, as 
outlined in Art 62, would lead one to expect an electric current 
to possess momentum and kinetic enei^ very much as a moving 
body possesses momentum and kinetic energy. In fact, this is 
found to be the case. When an electric circuit is broken, the 
current continues to flow across the break for a short time, pro- 
ducing an electric arc or spark, and the intensity of this spark is 
a rough indication of the amount of kinetic enei^y possessed by 
the current 

The amount of kinetic energy associated with a given current in 
a circuit made of a given length and size of wire, depends upon the 
shape of the circuit and upon the presence of iron near the circuit. 
Thus, a current in circuit a. Fig. 95, possesses but little kinetic 




energy ; the same current in circuit b possesses more kinetic 
energy ; and the same current in circuit c possesses very much 
more kinetic energy. When the drcuit of an ordinary incan- 
descent lamp is broken a very slight spark only is produced ; a 
141 
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coil of wire having the same resistance as the lamp is connected 
to the supply mains so as to take the same amount of current as 
the lamp, and a much more intense spark is produced when this 
circuit is broken ; an iron core consisting of a bundle of iron wires 
is then placed in the coil and a spark several inches in length may 
be produced by suddenly breaking the circuit 

The kinetic enei^y of the electric current resides in the m^- 
netic field which is produced by the current Thus, a current in 
the circuit a, Fig. 95, produces a very weak magnetic field except 
in the small region between the wires, and the kinetic energy of 
the current is small. The same current in the circuit A produces 
an intense magnetic field inside of the coil and the kinetic enei^ 
of the current is correspondingly great The kinetic enei^ of 
the current in the coil of wire shown in Fig. 951: is much greater 
than the kinetic energy of the same current in the circuit shown 
in Fig. 95^, but the presence of the iron core in Fig. 95^ com- 
plicates matters greatly, and nearly the whole of this chapter 
relates to the kinetic energy of currents in the absence of iron. 

Praclical applications of the spark at Irreak. — In the device 
which is ordinarily used for lighting gas jets by electricity, an 
electric circuit is made and broken in the stream of gas which is 
to be lighted, and the gas is ignited by the spark at break. In 
order to produce an intense spark, the circuit includes a coil of 
wire wound on an iron wire core, a so-called " spark coil." This 
same device is used for igniting the mixture of gas and air in a 
gas engine. 

76. Definition of inductance. — The kinetic enei^y which is 
associated with a current in a given circuit is proportional to the 
square of the current ; that is, we may write 

W-iLP (48) 

in which W is the kinetic enei^ of a current / in a given cir- 
cuit, and {\L) is the proportionality factor. The quanti^ L is 
called the inductance* of the circuit 

* Sometimes called the cotffidtnS af ulf-mdueliim of the circuit. 
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Discussion of equation (jS). — It was pointed out in Art 53 
that to double the strength of the current in a circuit is to double 
everywhere the intensity of the magnetic field which is due to the 
current, and it was shown in Art. 44 that the kinetic enei^y per 
unit volume of a magnetic iield is proportional to the square of 
the field intensity. Therefore to double the strength of the cur- 
rent in a circuit is to double everywhere the intensity of the mag- 
netic field due to the current, and to quadruple everywhere the 
enei^ of the mimetic field, so that to double an electric current 
is to quadruple the total energy of its magnetic field. 

Units of inductance. — If ff in equation (48) is expressed in 
joules, and / in amperes, then L is expressed in terms of a unit 
of inductance which is called the henry, that is to say, a circuit 
has an inductance of one henry when a current of one ampere in 
this circuit represents on^half of a joule of kinetic enei^. 

If W in equation (48) is expi^sed in ergs and / in abam- 
peres, then L is expressed in cg.sT units of inductance. The 
cg.s. unit of inductance is sometimes called the abkenry* A cir- 
cuit has one abhenry of inductance when a current of one abam- 
pere in that circuit represents one half of an erg of kinetic energy. 
There are 10* abhenrys in one henry. 

Inductance of a coil. — Strictly, one cannot speak of the in- 
ductance of anything but an entire circuit, inasmuch as every 
portion of a circuit contpbutes its share to the magnetic field at 
each and every point in the surrounding region ; it is, however, 
allowable to speak of the inductance of a coil when the terminals 
of the coil are not too iar apart, and when the remainder of the 
electrical circuit does not produce any perceptible magnetic field 
in the r^on occupied by the coil. 

Non-inductive circuits. — A circuit is said to be non-inductive 
when the inductance of the circuit is negligibly small, that is, 
when the electromotive force L x dijdf\ is negligibly small as 
compared with the electromotive force Rf which overcomes the 

*Tbe cg.i. Dnit of indactaiice is oftea colled the ctntimtttr. 
t See next article. 
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resistance of the circuit. Thus, a given circuit m^ht be consid- 
ered to be non-inductive under conditions involving slow changes 
of current, whereas the same circuit would not be considered to 
be non-inductive under conditions involving ra/>id changes of cur- 
rent When a circuit consists simply of out-^oing and returning 
wires, side by side, its inductance is so small that it may be in 
most cases ignored. The wires used in resistance boxes are 
usually arranged non -inductively. This may be done by doubling 
the wire back on itself, and winding this doubled wire on a spool ; 
or the wire may be wound in one layer on a thin paper cylinder, 
and this cylindrical coil may then be flattened so as to reduce the 
region (inside) in which the magnetic field is intense. 

Measurement cf inductance. — The most accurate method for 
determining the inductance of a coil is by calculation from meas- 
ured dimensions. This calculation can be carried out only when 
the coil is very simple in shape, and even then the calculation is 
in most cases quite complicated.* The simplest case is given in 
Art. 81. The inductance of an irregularly-shaped coil may be 
determined by various electrical methods, f 

Moment of inertia of a wheel. Analogue of inductance. — The 
kinetic enet^ of a rotating wheel resides in the various moving 
particles of a wheel, in the same way that the kinetic eneigy of a 
current resides in the various parts of the magnetic field which is 
due to the current If the angular velocity *> of the wheel is 
doubled the linear velocity of every particle of the wheel is 
doubled, in the same way that the intensity of the magnetic field 
at every point in the neighborhod of a coil is doubled when the 
current in a coil is doubled Therefore the kinetic enei^ of 
every particle of a wheel is quadrupled when its angular velodty 
is doubled, in the same way that the kinetic energy of every por- 
tion of the magnetic field around a coil is quadrupled when the 

" See > series rX BTticles in the Bulldin eftki Unittd StaM Bureau o/SianJanis, 
by E. B. Ron, Vol. 1, pages IIJ aod 291 ; Vol. 2, pages S7, 161 and 359; Vol. 3, 

t See Prtutieal Physics, bf Franklin, Crawford and MuNutt, Vol. a, page 129 ; 
■ee kIm Aisolutt Mtasurimenis, \ij Andrew Gra;, Vol. a, Fart a, pages 43S-509. 
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current in the coil is doubled ; and consequently the total kinetic 
enei^ (^ a rotating wheel is proportional to the square of its 
ai^ular velocity, in the same way that the total kinetic energy 
of a current in a given coil is proportional to the square of the 
current That is, we may write 

in which W is the kinetic energy of a rotating wheel, m is the 
angular velocity of the wheel, and (i^T) is a proportionality 
factor. The quantity JC is called the moment of inertia of the 
wheel. 

77. ElectroiootiTe force leqnired to cause a cuneat to increase 
or dscrease. — To maintain a constant current in a circuit an elec- 
tromotive force equal to Ri must act upon the circuit to over- 
come the resistance of the circuit If the electromotive force 
which acts upon the circuit is greater than Ri, the current in- 
creases in value, and if the electromotive force which acts upon 
the circuit is less than Ri, the current decreases in value. Let 
the electromotive force which acts upon a circuit exceed Ri by 
the amount e ; then we have 

'-^7, (49) 

in which L is the inductance of the circuit and di/^it is the 
rate at which the current increases. When e is negative (elec- 
tromotive force less than Ri) then di/dt is negative, that is, 
the current decreases. 

Mechanical analogue of equation (49). — To keep a body in 
uniform motion a force sufficient to overcome the drag of friction 
must act upon the body. If the force which acts upon the body 
is greater than the drag of friction, the body gains velocity, and 
if the force which acts upon the body is less than the drag of fric- 
tion, the body loses velocity. Let the force which acts upon the 
body exceed the drag of friction by the amount e, then we have 
,di 
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in which L is the mass of the body and dildt is the rate at 
which its velocity changes. Equation (49) is therefore analogous 
to the fundamental equation in mechanics which expresses the 
relationship between unbalanced force, mass and acceleration. 

Starting from the fact that force equals mass times accelera- 
tion, it can be shown that the kinetic energy of a moving body is 
equal to one-half its mass times its velocity squared, suitable 
units being employed. The same ai^ument reversed would show 
that force must be equal to mass times acceleration if kinetic 
energy is equal to one-half mass times velocity squared ; and an 
exactly dmUar argument would establish equation (fp) on the basis 



Self-induced electromotive force. — When one pushes on a body 
causing its velocity to increase the body reacts and pushes back 
on the hand. This reacting force is equal and opposite to the 
acting force which is causing the increase of velocity. When the 
velocity of the body is increasing, its reaction is a force opposed 
to its motion, and, when the velocity of the body is decreasing, 
its reaction is a force in the direction of its motion. 

Similarly when an electromotive force acts upon a circuit and 
causes the current to increase or decrease, the changing current 
reacts, and the reacting electromotive force is equal and opposite 
to the acting electromotive force which is causing the current to 
change. Therefore from equation (49) we have 

in which e is the reaction of the changing current in a circuit of 
which L is the inductance, and dijdt is the rate at which the 
current is changing. This reaction of a changing current is 
called self-induced electromotive force. 

78. Gnnrth of cmreDt in an inductive drcolt. — A steady force 
E begins to act upon a boat at a given instant, starting it from 
rest. At the given instant the velocity of the boat Is zero, the 
frictional drag of the water is zero, and all of the force is used to 
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cause the velocity of the boat to increase. As the boat gains 
more and more velocity, however, a larger and larger portion 
of the force E is used to overcome the frictional drag of the 
water, and a smaller and smaller portion of E is used to 
cause the velocity of the boat to Increase. Finally, after the 
force has been acting for some time, the boat reaches full speed, 
and then all of the force E is used to overcome the frictional 
drag. 

An electromotive force E due to a battery or dynamo begins 
to act on a circuit at a given instant At this instant the current 
is zero, and the whole of E acts to cause the current to Increase 
in accordance with equation (49). As the increasing current 
reaches larger and larger values, however, a larger and larger 
portion of £ is used to overcome the resistance of the circuit, 
and a smaller and smaller portion of £ is used to cause the 
current to increase. Aflsr the electromotive force has been act- 
ing for some time the current reaches its full steady value, and 
then the whole of E is used to overcome resistance. The por- 
. tion of E which is used at any given instant to overcome resist- 
ance is equal to Ri and the pordon which is used to cause the 
current to increase is equal to L-dijdt. Therefore we have 

E=Ri+L''~ (SI) 

in which i is the value of the growing current at a given instant, 
and dijdt is its rate of increase at that instant. 

Examples. — {a) A force of 50 pounds propels a canal boat at 
a speed of 5 feet per second. Let us assume that the drag of the 
water is proportional to the velocity of the boat, and let us con- 
sider what takes place during the time that the boat is being 
started from rest by a steady force of 50 pounds, the mass of the 
boat being 100 tons. At the very start, when the velodty of 
the boat Is zero, the drag of the water is zero, and the propelling 
force of 50 pounds is used solely to produce acceleration; there- 
fore, from the formula F=^-ma, we find the acceleration a 
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to be 0.008 foot per second per second. After the boat has 
gained a certain amount of velodty, say, 3 feet per second, the 
drag of the water is J of 50 pounds, so that 30 pounds of the 
propelling force is used to overcome the drag of the water and 
the remainder, 20 pounds, is used to produce acceleration. 
Therefore the acceleration is 0.0032 foot per second per second. 
At the very start when the velocity of the boat is zero no work 
is being done upon the boat When the velocity of the boat 
becomes 3 feet per second, the propelling force does work at the 
rate of 150 foot-pounds per second; a portion of this power 
is expended in overcoming the friction of the water, and the 
remainder goes to increase the kinetic cnei^ of the moving boaL 
The portion of power which is used to overcome the friction of 
the water is found by multiplying the velocity of the boat by the 
portion of the force which is used to overcome the frictional drag. 
This gives 90 foot-pounds per second. The portion of the power 
which goes to increase the kinetic energy of the boat is found by 
multiplying the portion of the propelling force which produces 
acceleration by the velocity of the boat This gives 60 foot- 
pounds per second. 

(S) An electric generator has an electromotive force of 50 volts 
and it acts upon a circuit of which the resistance is 10 ohms, so 
that the steady current that may be produced by the electro- 
motive force is 5 amperes according to Ohm's law. The induc- 
tance of the circuit is, say, 2 henrys. At the instant when the 
electromotive force begins to act on the circuit the current is 
zero, and all of the electromotive force is used to cause the cur- 
rent to increase so that the rate of increase of the current is 2$ 
amperes per second, according to equation (49). After the cur- 
rent has reached a value of, say, 3 amperes, a portion of the 
electromotive force of the generator is used to overcome the 
resistance of the circuit and a portion is used to cause the current 
to increase. The electromotive force which is used to overcome 
the resistance is found by multiplying the resistance of the circuit 
by the current which gives 30 volts, and the remaining 20 volts 
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cause the current to increase at a rate of t o amperes per second 
in accordance with equation (49). • 

The ordinates of the curve in Fig. 96 represent the successive 




values of growing current in a circuit of which the resistance is 3 
ohms and the inductance is 0.04 henry, the electromotive force 
of the generator being 1 1 o volts. The equation to this curve of 
growing current is 

; -S ^ -!■' , ^ 



in which e is the Naperian base, i b the value of the growing 
current / seconds after the electro- 
motive force E is connected to the 
circuit, L ts the inductance of the 
circuit and Ji is its resistance. 

78. Decay of ctirrest hi an Indue- ^ 
tive circuit. — A current / is es- 
tablished in an inductive circuit, a 
piece of metal mm is then laid 
across the terminals of the circuit 
and the battery disconnected as in- 
dicated by the dotted line in Fig. 97. 




'Ohm's law does Dot apply to 



Under these conditions 
it UDless E/ equU X/^ aa lUted Id Art. I9. 
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the current decreases at such a rate that the self-induced elec- 
tromotive force (reaction of the changing current) — Ldijdt is 
equal to Ri. This condition is expressed by the equation 



dt 



(53) 



and this equation may be most easily interpreted as follows : The 
electromotive force which is acting on the circuit is equal to zero 
and this electromotive force b divided into the two parts, Ri 
which is used to overcome tlie resistance and Ldijdt* which is 
used to cause the current to change. 

Examples. — («) The canal boat mentioned in example (a) of 
the preceding article is brought up to a speed of 4 feet per second 
and then the propelling force ceases to act The drag of the 
water is of course equal to 4/5 of 50 pounds when the velocity 
is 4 feet per second, and this dragging force of 40 pounds pro- 
duces a negative acceleration or retardation of 0.0064 foot per 
second per second. The rate at which the kinetic enetgy of the 
boat is being dissipated in overcoming the fricttonal drag of the 
water may be found by multiplying the fricdonal drag of 40 
pounds by the velocity of 4 feet per second which gives 160 
foot-pounds per second. 

(^) A current of 4 amperes is established in the circuit which 
is specified in example {b) of the preceding article. At a given 
instant the circuit is closed on itself and the current is left to die 
away. At this instant the value of Ri is 40 volts, that is, the 
electromotive force required to overcome the resistance of the 
circuit when the current is 4 amperes is 40 volts and this elec- 
tromotive force comes from the reaction of the decreasing current, 
so that the current must be decreasing at a rate of 20 amperes per 
second according to equation (49). The rate at which the kinetic 
energy of the current is being dissipated in overcoming the resist- 
ance of the circuit may be found by multiplying the value of Ri 

"Thispartinustofoourseben^BtiTe, and therefore dijdl is negatiTC, thU is, the 
cuTTCDt 1 U decreuing. 
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in volts by the value i in amperes (equals Ri*) which gives 160 
watts. 

The ordinates of the curve in Fig. 98 represent the successive 
values of a decaying current in a drcuit of which the resistance 




is 3 ohms and the inductance is 0.04 henry, the initial value of 
the current being 36.7 amperes. 

The equation of the curve of decaying current in Fig. 98 is 



i=./-« ^ (S4)* 

in which e is the Naperian base, / is the value of the decaying 
current at the instant from which time is reckoned, and i is the 
value of the decaying current t seconds later. 

80. The choke coil. — A coil having considerable inductance is 
frequently used for the choking of rapid fluctuations of current 
Such a coil is called a choke coil. When a choke coil is connected 
to the terminals of an alternator the rapidly alternating electro- 
motive force of the alternator produces but little current through 
the coil. This is analogous to the fact that a rapidly alternating 

'Equations (51) and (54) are obtained by integrating the diHerential eqoationi 
(51) and (53) with doe rererence to the known Talne of the current at the instant 
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force (a force which is repeatedly reversed in direction) produces 
but little to and fro motion of a heavy body even though the 
fticdonal opposition to motion be negli^bly small. 

One of the most important uses of the choke coil is in connec- 
tion with the lightning arrester. Figure 99 represents a dynamo 
G supplying current to a trolley wire. When this wire is struck 
by lightning a sudden rush of current takes place through G to 
earth, and this rush of current may prove disastrous to the 
dynamo by breaking through the insulation instead of following 
the windings of wire in the machine. By placing a choke coil 
C in the position shown in the figure, the lightning dischaige is 
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made to break through a short air gap g and flow to earth 
harmlessly. When the air gap g has been broken down in this 
way, that is, when a spark or arc has been established across the 
gap, it is a good conductor, and the dynamo G is short-circuited. 
Therefore a lightning arrester must be provided with an arrange- 
ment for stopping the flow of the dynamo current across the gap 
g after the rush of current from the lightning stroke has ceased. 
This is sometimes done, as in the Thomson arrester, by means 
of a strong magnet which produces an intense magnetic field in 
the region of the gap and pushes the arc sidewise, and blows it 
out. This device is called the magnetic blow-out. The entire 
arrangement of a choke cchI C, air gap g, and magnetic blow- 



by Goog I C 



ELECTRIC MOMENTUM. INDUCTANCE. 



IS3 



out (which is not shown in the figure) constitute what is called a 
l^htning arrester.* 

Example. — A coil of heavy copper wire wound in a single 
layer on a wooden cylinder AB, as shown in Fig. lOO, is provided 
with two metal rods rr which are separated by a small air gap. 
One terminal of the coil is connected to the outside coating of a 
Leyden jar, and a spark is allowed to jump from the jar to the 




FK. 100. 

other terminal of the coil as shown in the figure. At the instant 
of formation of the spark the total electromotive force between 
the coatings of the Leyden jar begins to act on the circuit If 
the coil consists of loo turns of wire wound on a wooden cylin- 
der 4 centimeters in diameter and 30 centimeters long, its ap- 
proximate inductance is 0.00005 henry, so that, if the electromo- 
tive force between the coatings of the Leyden jar is 40,000 volts, 
the current begins to increase in the coil at the rate of 800,000,000 
amperes per second, according to equation (49). The existence 
of a lai^e electromotive force across the terminals of the coil 
may be shown by the fact that the dischai^e of the Leyden jar 

* For farther inGinnalion coocerning lightning airesten kg Fnnlilin ind Eity, 
ElimtiHi ef Eltclricai Engmttring, Vol. I, pages 310-319. 
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will jump across the air gap instead of going through the coil 
AB. Thus, if the air gap is one centimeter in length it takes 
zo,ooo volts to strike across it, and if a spark does strike 
across this gap at the instant of the dischai^ of the Leyden jar, 
one may be certain that the electromotive force between the ter- 
minals of the coil was at least 20,000 volts at the instant of the 
formation of the spark. 

The protective action of the choke coil in Fig. 99 depends 
upon a rapid increase of current through the coil during an ex- 
tremely short interval of time just before the gap g breaks down. 
The dynamo G may be protected from this very brief flow of 
current by connecting a condenser between the point a and 
earth, so that this very brief flow of current through the choke 
coil need not flow through the dynamo, but may go to chaise the 
condenser. 

81. lodoctance of a long solenoid. — A solenoid is a long ccmI 
of wire ; two or three layers of wire wound on a long wooden 
rod, for example. When the depth of the winding of wire is 
small in comparison with the radius of a solenoid and when the 
length of the solenoid is great in comparison with the radius, the 
inductance of the solenoid in abhenr^'S is given by the following 
equation 

L = 47r'5V/ (550) 

in which L is the inductance of a solenoid in abheniys, m is 
the number of turns of wire on each centimeter of length of the 
solenoid, r is the radius of the solenoid in centimeters, and / is 
the length of the solenoid in centimeters. The inductance of 
the solenoid in henrys is given by the equation 

in which r and / are expressed in centimeters as in equation 

(!!"■). 

Derivation of equation {55). — The intensity of the magnetic 
field inside of the solenoid is //"= ^irzl, according to equation 
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(34), where / is the current in the solenoid in abamperes. 
Therefore the total enet^ of the magnetic field inside of the 
solenoid is equal to irr* x / X (4ir£/)'/87r, according to equation 
(27), that is, the energy of the m^^netic field is given by the 
equation 

but the energy of the m^netic field is equal to ^L/*, accord- 
ing to equation (48) so that L is equal to ^ir^i^r^/. 

Equations (sSi») and {$$i) are strictly true only for very long 
coils with thin windings of wire. These equations are frequently 
useful, however, in determining the approximate inductance of 
comparatively short solenoids with thick windings of wire. 

83. Blactric momeDtuii. Flttx-tonii. — The product or the miss or a moving 
bod; >nd its velcxity U called its mBmenhim. The product of the indactance of a 
circuit and the Guireot U called tltclrical rnomenium. The teim electiical momeDtum 
is seldom employed, the tamjlax-lums being more usual. 

PrupoiUian. — The electrical mranentum Li of a ccril is rqual to the product of 
the flux through a mean turn of the coil and the munber of tunis of wire in the coil, 
thatU, 

Li^Z* (56) 

in which L it the indactance of the coil in abhenrjs, t is the current in the ccnl in 
■bampercs, <^ it the nnmbet of lines of magnetic flua passing through a mean turn 
of the coil, and Z is the number of turns of wire in the coil. The tmth of this 
equation may be made evident u follows ; The self-ioduced electromotiire force in a 
coil is dne to the increasing floi produced by the increasing current, so that the self- 
induced electromoli re force is equal to — Z-d^jdl, according to equation (44), 
where 4 is the magnetic flai through a mean turn of the coil dne to the carrent in 
the coil. The self-indaccd electromotiTe force is also eqaal to — Z - dijdl, accord- 
ing lo equation (50). Therefore we have 

whence by integrating * we have Li := Z4. 

83. The depeadence of the inductance of a coil on the niunber at 
turns of wire In the coil and upon the Blze td the coil. — The de- 

* This simple integration occurs so frequently in arguments of this kind that it is 
worth while to consider its meaning at follows : In order (o permit of a verbal ea- 
ptession of equation (i), divide both members by Z, giving <4/i//= Z/ZX '''/''A 
which means that the flux * increases always LjZ times at bst as i, so that, if 
4 and t start from lero together, then 4 must always be LjZ timet as large a* u 
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pendence of inductance upon the shape of a coil is much too 
complicated to permit of its general discusatm in this text The 
ratio of the inductances of two coils of exactly the same shape de- 
pends, however, in a very simple way upon the sizes of the coils 
and upon the relative number of turns of wire in them, as follows : 

The inductance of a coil of wire wound on a given spool is pro- 
portional to the square of the number of turns oftuire. — Thus, a 
given spool wound full of number 16 wire has 500 turns, and an 
inductance of 0.025 henry ; the same spool wound full of num- 
ber 28 wire has ten times as many turns, and its inductance is one 
hundred times as great, or 2.5 heniys. 

The inductance of a coil of given shape, the number^ turns <f 
■wire being unchanged, is proportional to its linear dimensions. — 
Thus, if a given spool of wire be imagined to be increased in 
dimensions in every detail in the ratio of 1:10, size of wire being 
increased in the same ratio so that the number of turns will be 
unchanged, then the inductance of the spool would be increased 
ten times. 

84. EliMtic enetKT uiocUtad with ia&tqfva&vA curMita In two dicnltt. 
DtflaltloD of rnntnal Indnctanm. — Consider two >dj>cent drcniti one of wbidi 
m>7 be called the primary cirtuii uid the other the stcvttdary circuit to dutiiigiiiih 
them. Let I^ be the current in the primujdj'cnit and /, in the lecondarr drcniL 
The total kinetic energy auodated with these two currents consists of three parts : 
(a) A part which is proportional to /, squared, ( j) a part which is proportional to 
/, squared, and (c) a part which is propof- 
j^^'-',,^ tkmal to /,/,. Therefore we may write 
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in which IV is the total kinetic enei^ of 
the two currents, and HL,), (JX,), and 
JIf are the proportionality factora. Tht 
quantities L, and £, are the inductance* 
of the respective circuits inasmuch as eqnb 
tion (I) reduce) to equation (4E) when cither current is tera. The quantity AT is 
called the mu/Md/tWHf/iHH of the two circuits. It maybe either positive u' sega- 
tl*e. Mutoal inductance ii expressed In terms of the tune units as inductance. 

Proaf 9/ iqfialion (i). — Consider a point p in the neighborhood of the two d^ 
cniti. Let J,, Fig. tot, be the ioteniity at / of the magnetic Geld due to /, alonev 
and let ^ be the intensity at / of the magnetic field due to /, alone. The resuit- 
aat magnetic field *X p \t h, as shown in Fig. loi, and we have 
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A* = 4," + V + ^i''t «• * 
CoDiiiler the energy Aff Id ■ small elemeol of volume at the pcHot /. This 
CDcrgj is proportioDil to J' lo that it maj be considered in three pirti which are 
propoTtioDal to J,*, to ^,', tnd to A,A,, respectivel;. But k^ is proportional to 
/„ and A, is proportional to /,, so that the kinetic energy \d an element of Tolome 
at the point / may be consfdered in three parts whidi aie proportional lespectiTely 
to /,', to »/,', and to /,/,. What if tme of Ihe tattgy tn an element of volume 
at the point / is true of the eDeijr;r in every other element of Tolume, thU is, the 
energy in eveiy element of volume consists of three parti which are proportional 
to /,', to /,', and to I^I„ respectively, so that the total energy ooniistsof three 
inch parts. 

Problems. 

103. The current in a circuit has a value of 26 amperes at a 
given instant Three hundredths of a second later the current is 
10.3 amperes. What is the average rate of change of the current 
during the interval? Is this rate positive or negative? Ans. 
— 523.3 amperes per second. 

104. Calculate the IdnetiG energy in joules of a current of 160 
amperes in a circuit having an inductance of 0.05 henry. Ans. 
640 joules. 

105. An electromotive force of 25 volts is connected to a dr- 
cuit of which the resistance is 0.6 ohm and the inductance is 0.05 
henry. At what rate is the current increasing : (a) At the instant 

- the electromotive force is connected to the circuit ; {b) at the 
instant that the current reaches a value of 10 amperes, and {c) at 
the instant that the current reaches a value of 3 5 amperes? Ans. 
{a) 500 amperes per second, {b) 380 amperes per second, (c) 80 
amperes per second. 

106. The field winding of a dynamo has 50 ohms resistance 
and, approximc^ely, 7,5 henrys of inductance. Assuming that 
the current grows in the coil in accordance with equation (52), 
calculate the time required for the current in the winding to 
reach 2 amperes when the winding is connected to a generator of 
which the electromotive force is 1 10 volts. Ans. 0.359 second. 

107. A current has been left to die away in a circuit of 0.6 
ohm resistance and Q.05 henry inductance. Find the rate of 
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change of the current as it passes the values lOO amperes, lO 
amperes, and one ampere. Ans. —1,200 amperes per second, 
— 1 20 amperes per second, — 1 2 amperes per second. 

108. Find the approximate inductance in henrys of a cylindrical 
coil 25 centimeters long, 5 centimeters mean diametef, wound 
with one layer of wire containing 1 50 turns. Ans. 0.000222 
henry. 

109. The choke coil of a lightning arrester consists of 50 turns 
of wire wound in one layer on a cylinder of which the diameter 
is 1 5 centimeters and the length is 50 centimeters, (a) Calculate 
the approximate inductance of this coil, (i) Calculate the ap- 
proximate rate of increase of current in the coil at the instant that 
a lightning discharge jumps across two centimeters of air in pref- 
erence to going through the coil. Ans. (a) o.oooi 1 1 heniy. 
(6) 360,000,000 amperes per second. 

M>ti. — The electromotive force requited to stnke aoosi 3 centimeleis of air ii 
approiimatelf 40,000 volta. 

110. (a) Calculate the magnetic flux through the solenoid which 
is specified in problem 1 1 1 when a current of 30 amperes flows 
through it. (i) Calculate the value of the electrical momentum 
of this current in fiux-tums, (a) 4,440 maxwells, (i) 666,000 
flux- turns. 

111. The field coil of a dynamo has 5,000 turns of wire and, 
when a current of one ampere flows through the field winding, 
1,500,000 lines of force are produced through the field core. 
Assuming that the flux is proportional to the exciting current, 
find the inductance of the field coil in henrys. Ans. 75 henrys. 

112. A battery having an electromotive force of 10 volts and a 
resistance of one ohm is connected to a coil of wire wound on an 
iron core. The coil has 1,000 turns of wire and its resistance is 
4 ohms. What is the current in the coil when the magnetic flux 
in the core is increasing at a rate of 500,000 lines per second? 
Ans, I ampere. 
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lis. A certain spool wound full of wire o. i centimeter in diam- 
eter has an inductance of 0,08 henry. The same spool is wound 
full of wire 0.32 centimeter in diameter. What is its inductance ? 
Ans. 0.000762 henry. 

111. A spool 5 times as lai^e as the spool mentioned in prob- 
lem 1 16 but similar in shape, is wound with wire 6 millimeters in 
diameter. What is its inductance ? Ans. o. 193 henry. 



byGoogIc 



CHAPTER VII. 

ELECTRIC CHARGE. THE CONDENSER. 

80. Electric charge. — A current of water through a pipe is a 
transfer of water along the pipe. Let q be the amount of water 
which, during t seconds, flows past a given point in the pipe, 
then the quotient qjt is the rate of flow of water through the 
pipe, and this rate of flow may be spoken of as the strength / 
of the water current Suppose the strength / of the water cur- 
rent to be given (rate of flow of water in units of volume per 
second) then the amount of water flowing past a given point of 
the pipe in / seconds is given by the equation : 

Similarly, an electric current in a wire may be looked upon as 
a transfer of electricity along the wire, and the quantity q of 
electricity which flows past a point on the wire during t seconds 
may be defined as the product of the strength of the current and 
the time, that is, 

q = It (57) 

If the strength of the current is variable, then equation (57) must 
be written in the form 

A? = /-A/ (58) 

in which Lq is the small quantity of electricity which flows past 
a given point on the wire during the short intervals of time A/, 

Quantity of electricity is usually spoken of as electric charge or 
simply as charge. 

Quantity of water is the fundamental and easily measured thing 
in hydraulics and water current is most conveniently defined as 
quantity of water passing per second. In the case of electricity, 
the fundamental and easily measured thing is electric current, and 
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quantity of electricity is most conveniently defined as the product 
of electric current and time, 

Ufdts of electric charge. — The ampere-second is the amount 
of electricity which flows in one second through a wire which 
carries a current of one ampere. The ampere-second is usually 
called the coulomb. One ampere-hour is the quantity of elec- 
tricity flowing in one hour through a wire carrying one ampere. 
The ampere-hour is extensively used among electrical engineers 
in specifying the discharge capacity of storage batteries. The 
abcoulomb is the quantity of electricity which flows in one second 
through a wire carrying a current of one abampere. One ab- 
coulomb is equal to ten coulombs, 

86. Heasttremeat of electric charge. Tlie ballistic galvanom- 
eter.* — A very large electric chaise may be determined by ob- 
serving tbe time during which the chaise will maintain a sensibly 
constant measured current. Thus a given storage battery can 
maintain a current, say, of lO amperes for 8 hours, so that the 
discbat^e capacity of the storage battery is equal to 80 ampere- 
hours. The charges most frequently encountered in practice, 
however, are too small to be measured in this way, and for such 
chaises the ballistic galvanometer is used as follows : 

The charge to be measured is sent through a galvanometer in 
the form of a pulse of electric current of very short duration. 
This pulse of current sets the needle of the galvanometer swing- 
ing. The maximum deflection d of the needle at the first 
swing is called the throw of the galvanometer, and this throw, if 
it is not too large, is proportional to the amount of charge q 
which 13 carried through the galvanometer by the pulse of cur- 
rent That is, 

q = kd (59) 

the quantity k is called the ^fj/acrffayiTf/w of the galvanometer, 
and it is usually determined in practice by observing the throw 
produced by a known charge. Equation (59) is true for a galva- 
* See Chapter X for > more complete discusiion of the ballistic galTaDomeler uid 
of the meuorenient of electric charge. 
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nometer with a heavy needle (or with a heavy moving coil in the 
case cJ" the D' Arsonval type of instrument) which is not subject 
to any perceptible air friction as it vibrates. Such a galvanometer 
is called a ballistic galvanometer. 

The reduction factor of a ballistic galvanometer may be calcu- 
lated from the equation 

>6 = _^ (60) 

in which / is a known steady current which produces a steady 
deflection b of the galvanometer, / is the period of one com- 
plete oscillation of the galvanometer and X is the ratio of two 
successive throws of the freely swii^ng needle (or coil) of the 
galvanometer, swings, the so-called damping ratio of the galva- 
nometer,* 

87. The flow of ctiirent in undosed circuits. Electrically 
charged bodies. — Consider two insulated metal bodies A and 
B, Fig. 102a, which at a given 
instant are connected,as shown, 
to the terminals of a battery or 
to any source of electromotive 
force. When the wire is con- 
nected a momentary pulse of 
current flows through it out of 
one body and into the other, 
and the bodies A and B are 
said to become charged wUk 
electricity. 

The body into which the mo- 
^*' '"^^ mentary current flows is said to 

become positively charged atiA the body out of which the momen- 
tary current flows is said to become negatively charged, that is, 
the chaise on one body is -f- ^ and the charge on the other body 

*See EUctrical MiamremtnU b]' Cachart \tA PatleraOD, pages 307-313. S« 
Absolute MtasuremiHli in Elictricity and Magntlism, by Andrew Cray, Vol. IL 
pages 390-396. See Maxwell's Elictricity and Magnetism, Vol. 11, pages 374-391. 
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is — q. Electrically charged bodies always occur thus in pairs, 
the positive chai^ on one body being always associated with an 
equal negative charge on some other body or bodies. 

Example. — Two large sheets of tin foil separated from each 
other by waxed paper are connected through an incandescent 
lamp to supply mains. If this arrangement is connected to 
direct-current supply mains a single pulse of current flows 
through the lamp at the moment of connection, and the lamp 
filament is not perceptibly heated. If the arrangement is con- 
nected to alternating-current supply mains a pulse of current 
flows through the wire at every reversal of the alternating elec- 
tromotive force and the lamp filament may be heated to incan- 
descence, 

Tke electric field. The dielectric, — The region between the 
two bodies A and B, Fig. xoza, is understood to be filled with 
some electrical insulator such as air, oil or glass. An insulator 
between two chained bodies is called a dielectric. This dielectric 
is the seat of a peculiar stress which is called the electric field. 
The lines of force * of this electric field trend somewhat as shown 
in the figure, touching the surfaces of the metal bodies A and 
B at right angles. These lines of force are thought of as going 
out from the positively charged body and coming in towards the 
negatively chained body. 

Electrostatic attraction. — The charged bodies A and B, Fig. 
I02a, attract each other. This attraction, which is called elec- 
trostatic attraction, shows that the lines of force of an electric 
field are in a state of tension and have a tendency to shorten very 
much as the lines of force in a magnetic field. This tension of 
the lines of force pulls outwards on the surface of A and on the 
surface of B at each point 

The electrostatic attraction of two metal bodies which are con- 
nected to a battery or dynamo may be shown as follows : A gold 
leaf is hung alongside of a vertical brass strip. When the gold 

* The electric <ield is simiUr in many respects to the magnetic Reld, haTiag *. de6- 
nlle isteiwtj uxl ■ defiDite direction at each point 
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leaf is connected to one terminal of a dynamo and the brass strip 
to the other terminal, the gold leaf is attracted by the brass. It 
is necessary in this arrangement to cover the face of the brass 
strip with a layer of paper to avoid short-circuiting the dynamo 
through the gold leaf. 

The outward pull of the electric field on the surface of a 
charged body is very strikingly shown by pouring a viscous 
liquid over the sharp lip of a chai^d metal ladle. The liquid is 
pulled into fine jets by the lines of force which emanate from the 
surface of the liquid as it passes over the lip. When melted rosin 
is used in this way the jets congeal into very fine fibers which 
fioat about in the air. 

Netd of high eUctromotvve force and of good insulation. — The 
phenomena described above, in fact most of the phenomena of 
electrostatics, are easily perceptible only when the bodies are 
charged by electromotive forces of many thousands of volts. The 
most convenient method of producing these large electromotive 
forces is by means of the Holtz or Wimshurst electrical machine, 
and, when such a machine is used, the bodies A and B must be 
well insulated, because such electrical machines cannot supply 
chaise at a rapid rate, that is, such machines can deliver only 
very small currents. (See Arts. io6 and io8.) 

The electric spark. — When the electromotive force acting to 
charge two bodies A and B, Fig. 102a, is increased more and 
more, a value is eventually reached which breaks down or ruptures 
the dielectric and allows the charge on the bodies to pass in the 
form of an electric spark. 

Mechanical analogue of electrically-charged bodies and of the 
electric field. — Imagine two cavities A and B, Fig. 102^, in an 
extended elastic solid such as rubber or jelly. Imagine these 
cavities to be filled with water and to be connected to a pump by 
means of a pipe so that the pump may draw a certain amount of 
water out of one cavity and force it into the other, thus causing 
one cavity to contract and the other cavity to expand, and causing 
the surrounding mass of rubber or jelly to be strained, the lines 

D,g,l,..cbyGOOglC 



ELECTRIC CHARGE. THE CONDENSER. 165 

of stress or strain being somewhat as shown in the figure. The 
expanded cavity is analogous to a positively chatted body, the 
contracted cavity is analogous to a negatively charged body, the 
stressed condition of the rubber or jelly is analogous to the elec- 
tric field between two charged bodies and the pressure-diflference 
of the pump is analogous to 
the electromotive force of 
the battery in Fig. 102a. 

88. Electrostatic capac- 
ity. The condenser. — The 
amount of charge q which 
flows out of B and into A, 
Fig, \o2a, when the battery 
is connected is proportional 
to the electromotive force 
of the battery. Therefore 
we may write 



> CE 



(6.) 




in which q is the charge that is drawn out of B and forced into 
A, in Fig. \02a, by a battery of which the electromotive force is 
E, and fT is a constant depending upon the size and shape of 
A and B and upon the nature of the intervening dielectric. 
This quantity C is called the electrostatic capacity or simply the 
capacity of the pair of bodies A and B. If the bodies A and 
B are in the form of fiat plates of metal separated by a thin layer 
of dielectric their electrostatic capacity is large. Such an arrange- 
ment is called a condenser. Condensers are usually made of 
sheets of tin foil separated by sheets of waxed paper or mica. 
The Leyden jar is a condenser made by coating the inside and 
outside of a glass jar with tin foil. 

Measurement of capacity. — The simplest method of measuring 
the capacity of a condenser is to charge the condenser by a bat- 
tery of known electromotive force E and then measure the 
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c^>^gfi ?(™* ^^) ^y dischai^ng the condenser through a bal- 
listic galvanometer. See Chapter X. 

Units of capacity. — A condenser is said to have a capacity erf" 
oas farad when one coulomb of charge is drawn out of one plate 
and forced into the other plate by an electromotive force of one 
volt; C in equation (6l) is expressed in farads when q is 
expressed in coulombs and E in volts. The farad is an 
extremely large capacity as compared with capacities ordinarily 
met with in practice, and the microfarad (one millionth of a farad) 
is frequently used as a unit The term abfarad is occasionally 
used to designate the cg.s, unit of capacity. A condenser would 
have one abfarad of capacity if one abcoulomb of charge would 
be drawn out of one plate and forced into the other plate by an 
electromotive force of one abvolL One abfarad b equal to 
lo* farads. 

Electric absorption. — When a condenser, which has been 
charged for some time, is discharged and then left standing, a 
small amount of additional charge collects on the condenser 
plates so that a second or third discharge may be taken from the 
condenser. It seems as if a portion of the initial charge on the 
condenser were absorbed by the dielectric, this absorbed charge 
being slowly given back to the condenser plates when these have 
been discharged. This phenomenon of electric absorption is 
strictly analogous to the following: A rubber tube which is 
stretched for some time and then released, comes nearly back to 
its initial length at once, and then continues to shorten for a long 
time. If the end of the tube is fixed immediately after the 
release, the tendency of the tube to continue to shorten will 
develop a stretched condition in the tube which will show itself 
by a sudden slight shortening when the tube is released a 
second time. 

89. Mechanical analogue of the condenser. — Figure 103 shows 
two metal plates AA and BB separated by a dielectric DD 
and connected to a battery. Figure 104 shows a box separated 
into two compartments AA and BB by means of a rubber 
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diaphragm DD and the two compartments are connected to a 
pump P. The electromotive force of the battery in Fig. 103 
forces a certain amount of charge q into the plate AA, draws 
the same amount of charge out of the plate BB, and subjects 
the dielectric DD to an electrical stress. The pressure-differ- 
ence developed by the pump P in Fig. 104 forces a certain 



^m 




amount of water q into the compartment A A, draws the same 
amount of water out of the compartment BB, and subjects the 
rubber diaphragm DD to a mechanical stress. If the pump P 
in Fig. 104 k removed and the two compartments connected by 
a pipe, the mechanical stress of the diaphr^m DD will be 
relieved by a momentary flow of water from A to B through 
the pipe. If the battery in Fig. 103 is removed and the two 
plates connected by a wire, the electrical stress of the dielectric 
DD will be relieved by a momentary flow of electric current 
through the wire. When the pump P in Fig. 104 is connected, 
as shown, it causes water to flow out of B into A until the 
pressure-difierence developed by the pump is balanced by the 
elastic reaction of the diaphragm DD, and the amount of water 
drawn" out of B and forced into A is proportional to the 
pressure-difference developed by the pump. When the battery 
B is connected to the plates in Fig. 103, it causes an electric 
current to flow out of B and into A until the electromotive 
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force of the battery is balanced by what one may perhaps call the 
electro-elastic reaction of the dielectric DD, and the amount of 
charge drawn out of B and forced into A is proportional to 
the electromotive force of the battery. 

The extent to which the diaphragm DD, Fig. 104, yields is 
measured by the amount of water q which is drawn out of B 
and forced into A, and the yield per utiit of pressure-difference is 
a sort of coefficient of elasticity of the diaphragm. The extent 
to which the dielectric DD, Fig. 103, yields is measured by the 
amount of charge g which is drawn out of the plate B and 
forced into plate A, and the amount 0/ yield per unit of electro- 
motive force of tke battery {gfE^ C) isasort of coeffidentof elec- 
tro-elasticity of the layer of dielectric and it is called the capacity 
of the condenser. It is important to remember that the capacity 
of a condenser is not analogous to the cubic capacity of a vessel 
but that it is anal<^ou5 to the cubic capacity of a rubber bag, the 
amount of water that a rubber bag will hold depends upon the 
pressure. 

90. lodnctiTity* of a dielectric — If the diaphragm DD in 
Fig. 104 were made of a stiff material like steel, the amount of 
yield per unit of pressure-difference would be very much less 
than if the diaphragm were made of a substance like rubber. 
This is analogous to the fact that the capacity of tlie condenser 
AB, Fig. 103, with plates of a given size at a given distance 
apart depends upon the nature of the dielectric between the plates. 
The quotient : Capacity of a condenser with given dielectric, 
divided by tke capacity of tke same condenser witk air between its 
plates is called the inductivity of the dielectric. For example, 
the inductivity of petroleum is about 2.04, that is, the capacity 
of a given condenser is about 2.04 times as great when the dielec- 
tric is petroleum as it is when the dielectric is air. A condenser 
is called an air condenser, a mica condenser, a paraffin condenser, 
etc., according to the dielectric between its plates. The accom- 
panying table gives the inductivities of a few dielectrics. 

• Sometimes called specific iadnctive capacity. 
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TABLE. 

Induetivitia of varieus tutstancts. 

Glaai 3-10 Shellac 2.95-3.60 

Sulphnr 3. 24-3. 84 Mica 4-8 

Vulcanite 2,50 Quaitz 4,5 

Fanffio t.68-z.jo Turpentine 2.15-2.43 

Rosin 1.77 Pelioleum 3.04-Z.43 

Wm 1.86 Waiw 73-90 

The inductivity of a dielectric is determined by measuring the 
capacity of a condenser first with air between its plates and then 
with the given dielectric between its plates. See Chapter X, 

91. Dependence of the capacity of a condenser upon size and 
distance apart of Its plates. — Using a ballistic galvanometer as 
explained in Art. 88, it may be shown experimentally * that the 
capacity C of a condenser, an air condenser, for example, is 
proportional f to the area a of one of its plates, and inversely 
proportional to the distance x between its plates ; that is, C is 
proportional to ajx, so that we may write 

C-~°- (63) 

in which C is the capacity of the air condenser, a is the area 
of one plate (sectional area of the dielectric), x is the distance 
between the plates, and ijB is a constant. 

When C is expressed in farads, a in square centimeters, and 
X in centimeters, then the value of ijB, as determined by 
experiment is 884 x io~", so that equation (62) becomes 

^ftimd. = 884 X 10-" X ^ (63) 

* Indeed it may be shown froni geometricsl considerations that C must be pro- 
poitional to a/x ; the value of the prDportionalitf factor most however be delermiDed 
by observation. It ii possible to calculate the value of tj3 Etom the observed 
velocity of light as eiplsioed in Art. 146. 

f When a is large compared with r, (heDon-onifbimiljof the electric field near 
the edges of two parallel oppositely charged plates Is negligible, and it is igOM'ed 
Ihtongbont this discussion. 
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in which k is the inductivity of the dielectric, x is the thickness 
of the dielectric in centimeters, and a is the area in square 
centimeters of one plate of the condenser (sectional area of the 
dielectric). 

93. Work done by an electromotive force ia poshing a glvea 
amount of charge through a dicult. — Consider an electromotive 
force E maintaining a current / in a circuit The rate at 
which this electromotive force does work is equal to EI, which, 
multiplied by a time /, gives the work done during that time, 
so that W^EIt. But the product It is equal to the ctiai^^ q 
which is transferred during the time t, therefore we have 

W-Eq (64) 

in which W is the work done by an electromotive force E dur- 
ing the time that chai^ q is pushed through the drcutt The 
work W is expressed in joules when E is expressed in volts 
and q in coulombs. 

93. The potential energy of a charged condenser. — A chained 
condenser represents a store of potential energy in much the same 
way that the distorted diaphragm DD in Fig. 104 represents a 
store of potential enei^y, or in the same way that a bent spring 
represents a store of potential energy. When a spring is bent, 
the bending force is at first equal to zero, it increases in propor- 
tion to the amount of bending, and the average value of the 
bending force is equal to one half its ultimate value (that is, the 
value which corresponds to a given amount of bend). Let E 
be the ultimate value of the bending force and q the distance 
through which the end of the spring is moved, then \E is the 
average value of the bending force, which, multiplied by q, gives 
the work done in bending the spring or the potential energy of the 
bent spring. Therefore, the potential energy of the bent spring 
is given by the equation 

W^\Eq 

in which E is the ultimate value of the bending force, and q is 
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the distance through which the end of the spring is moved dur- 
ing the bending. 

In a similar manner, it may be shown that the potential energy 
of a charged condenser is 

ty- iE, (650) 

in which E is the electromotive force between the plates of the 
charged condenser, and q 1:1 l!ie amount of charge which has 
been drawn out of one plate and pushed into the other. The 
potential energy W is expressed in joules when E is expressed 
in volts and g in coulombs. 

A weight is hooked to the lower end of a -vertical spring, as 
shown in Fig. 105, and then the weight is released. In this case 
the full value of the weight acts 
upon the spring from the start, 
and the weight oscillates up 
and down for some time before 
coming to restinits equilibrium 
position. Let E be the pull 
of the earth upon the weight 
and let g be the distance from 
the initial to the equilibrium 
position, then the total work 
done by gravity after the weight 
has come to rest is equal to Eg 
(pull of earth multiplied by dis- 
tance through which the weight 
has moved), but the potential 
enei^ which is stored in the 
sprii^ after the weight comes 
to rest in its equilibrium posi- 
tion is equal to \Eg that is, 
one half of the work which has been done on the weight by 
gravity is stored in the spring as potential energy and the re- 
mainder of the work has been dissipated by the osdllations erf" 
the weight. 




IfltRlHaf jmmiHm 
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When a battery is connected to the terminals of a condenser 
the full electromotive force of the battery begins to act at once, 
and the current surges back and forth through the circuit until 
the system finally settles to equilibrium. When this final state 
of equilibrium is reached, a definite amount of chaise q will 
have been pushed into the condenser by the battery, and the 
total amount of work done by the battery will be Eq ; but the 
amount of potential enei^y stored in the condenser is \Eq, and 
therefore an amount of work \Eq has been dissipated by the 
electrical oscillations of the system, exactly as in the case of the 
spring and weight above described. 

In order that all the work done in stretching a spring may be 
stored in the spring as potential enet^, the stretching force must 
begin at zero and increase gradually as the spring is bent more 
and more ; in order that all the work done in charging a con- 
denser may be stored in the condenser as potential energy, the 
charging electromotive force must begin at zero and increase 
gradually as the condenser becomes charged. If the final value 
of the charging electromotive force is E its average value is 
\E, which, multiplied by the amount of charge q that has been 
pushed into the condenser, gives the potential enei^ of the 
condenser. 

The potential enei^ of a charged condenser may be expressed 
in terms of E and q, or in terms of C and E, or in terms 
of C and q by using equation (6i). Thus, by substituting 
CE for q, equation (6sa) becomes 

W=\CE* (6s*) 

and by substituting qjC ior E, equation (6511) becomes 



c 



(6S') 



94. Transference of charge by a moving ball. Intensity of elec- 
tric field. — Two metal plates A and B, Fig. 106, are con- 
nected to a battery of which the electromotive force is E, and a 
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veiy small metal ball i is suspended between A and 5 by a 
silk thread. If this ball is started it continues to vibrate back and 
forth from plate to plate, and at each movement it carries across 
a definite amount of chaise g. Every 
time the ball carries charge q across 
from plate to plate an amount of 
charge q flows through the battery, 
the battery does an amount of work 
equal to Eg and this work reappears 
as mechanical work done on the ball 

as it is pushed across from plate to J^t ^~~ ' — .^.^^ 
plate by the electric attraction OT ig- f \ 

pulsion. Let F be the force which I j 

pushes on the ball, then Fx is the >»^ ^ U JiUJiliLlil . ,^ 
work done by this force in pushing flWIWIf-aS 

the ball across from plate to plate,* "' 

so that Fx =* Eq, or 



6 




E 



(i) 



Any region in which a chained body is 
acted upon by a force f is called an electric 
field; thus the region between the plates 
A and B, Fig. 106, is an electric Held, as 
indicated by the fine lines of force in Fig. 
107. 

The force ^ with which an electric field 
pulls on a charged body (of small size) 
placed at a given point in the field is pro- 
portional to the charge q on the body so 
that 

*The ball Is supposed to be quite small so thai the distance moved by it mvj be 
taken to be equal to (he distance j: belween the platca. Under thrse conditions the 
force which acts upon the ball is constant throughout its movement from plate to plate. 

t That is, a force which depends upon the chaige on the body and which does not 
exist when the body has no diuge. 
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F^fq (66) 

in which / is the proportionality factor. This quanti^ / is 
called the inUnsity of the electric field at the point 

Comparing equations (i) and (66), it is evident that the intensity 
of the electric field between the parallel plates AB inFig. io6is 

/=f (67) 

That is, the intensity of the electric field between the plates is 
equal to the electromotive force between the plates divided by 
the distance between the plates. When E is expressed in volts 
and X in centimeters, the field intensity is expressed in volts per 
centimeter. The intensity of an electric field may also be expressed 
in abvolts per centimeter. 

Direction of electric field at a point. — The direction of an elec- 
tric field at a point is the direction in which the field pulls on a 
positively charged body placed at that point. A line of force in 
an electric field is a line drawn so as to be in the direction of the 
field at each point 

W. Dielectric strength. — The ability of a dielectric to with- 
stand electrical stress or electric field is called the strength of the 
dielectric. The strength of a dielectric is measured by the inten- 
sity of the electric field in volts per centimeter which is just suffi- 
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cient to rupture H. Thus, air at ordinary atmospheric pressure 
is ruptured by an electric field of which the intensity is aixmt 
24,000 volts per centimeter, and kerosene is ruptured by an elec- 
tric field of which the intensity is about 50,000 volts per centi- 
meter. The dielectric strength of a substance varies gready with 
its d^ree of purity. 

When an insulating substance is placed between two flat metal 
plates A and B, as shown in Fig. 108, the substance is sub- 
jected to a uniform electrical stress (uniform electric field) when 
the plates are connected to an electrical machine, and the electro- 
motive force required to rupture the substance is quite accurately* 
proportional to the thickness of the insulating layer, provided the 
insulating substance is homogeneous like air or oil ; or, in other 
words, a fairly definite intensity of electric field (volts per centi- 
meter) b required to rupture a homogeneous substance like air or 
oil, and such a substance has therefore a fairly definite dielectric 
strength. Most solid substances, however, are non-homogene- 
ous. Thus, the rubber gum which is extensively used for insu- 
lating wires is " filled " with finely divided clay and is therefore 
non-homogeneous. Sheets of window glass are usually filled 
with fine bubbles and are therefore non-homogeneous. Thick 
sheets of vulcanized fiber are usually chained with moisture in 
the interior and dry near the surface, and they are, therefore, non- 
hom<^eneous. The electromotive force required to rupture a 
non-homogeneous substance is not even approximately propor- 
tional to the thickness of the layer, and it is therefore customary 
to spedfy the dielectric strength of solid insulating substances by 
giving the electromotive force required to rupture a specified 
thickness. 

The least .roughness of the surface of the metal plates A and 
B, in Fig, 108, or particles of dust floating in the dielectric, pro- 
duce great variations in the value of the electromotive force 
required to rupture a dielectric. The action of these irregular- 
ities of surface and of floating particles is shown somewhat exag- 

« See Art irj. 
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gerated in Fi^. 109. In this figure a floating particle and a 
minute projecting point on the plate B are represented. The 
intensity of the electric field near the point and near the ends of 
the particle is much greater than the average intensi^ Ejx 
between the plates, and the dielectric begins to give way at these 
places when the field intensity there reaches the breaking value. 

TABLE.* 
DiiUctrU strengiht. 



s.^.„. 


StrcpgihlD 
Voli.p«rt-at. 


SnUUDca. 


S^phln 

Vo(«p«C«. 

tinetcr. 


Oil of turpentine 
FarRffine oil 
Olive oil 

Parafilne (melted) 
Keroseneoil 
P««ffine (solid) 
Paraffined paper 


Si 

56,000 
50,000 

IJO.OOO 

360,000 


Beeswaxed paper 
Air (Ibicknesss cm.) 

f' "■ 

H " 
Coalgai 


83, 800 

32, 700 

isiioo 

33,300 




Lines of force of the electric field between two oppositely 
chained metal spheres are shown in Fig. 1 10. In this case the 
electric field is not uniform, 
and the intensity of the elec- 
tric field in volts per centi- 
meter near the surface of one 
of the spheres may be suffi- 
cient to start a rupture, al- 
though the intensity of the 
field at a distance from the 
surface of one of the spheres may be much less than that which 
corresponds to the rupture of the dielectric. Furthermore, the 
electric field intensity in Fig. 1 10 is not, of course, equal to the 
electromotive force between the spheres divided by their distance 
apart, because the field is non-uniform. Therefore the electro- 
motive force required to rupture a dielectric between two metal 
spheres is not proportional to their distance apart 

'From the measarements of Macfatlane and Pierce, Pkyiical Revievi, Vol. T, 
P«ge 165. 
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96. The spark gange. — The electromotive force required to 
produce a spark between two polished metal spheres of given size 
in air varies in a definite manner with the length of the air gap. 
If the electromotive forces required for different distances be once 
determined by observation, then any electromotive force may be 
determined by measuring its sparking distance between the pair 
of spheres. An arrangement for measuring electromotive force 
in this way is called a spark gauge or a spark micrometer. The 
q>ark gauge is adapted only to high electromotive forces, and the 
results obtained by it are subject to large errors. 

TABLE. 

sparking distanca in air at tS" C. and 7y/ mm.* prtsatre. 

s = length of air gap in centimeWn. 

r := radius of spheres in centimeten. 





r = =,.5 


^ = =-5 




r=..,c«. 


im. 


Volt.. 


Vol.1 


Vollfc 


Volu. 




4.830 


4.8oi. 


4.710 




o.» 


8,370 


8.370 


8,100 




0.3 


ij.ioo 


".370 


",370 




04 


14,400 


14.400 




o.S 


15,600 


17,400 


17.400 


18,300 


0.6 


17,100 


19.800 


30,400 


21,600 


0.7 


18.300 


11,900 


»3.loo 


24.600 


0.8 


.8.900 


34.000 


't-i°° 


27.300 


0.9 


19,500 


3S.SO0 


38,800 


30,000 




30,100 


37,000 


31,100 


31,700 


i.i 


io,7oo 




33.300 


381400 








35.400 


'-3 


31,600 




37.aoo 


41,100 


1.4 


31,900 




38.700 


43.800 


'■S 


31, 300 




40,100 


46,200 


1.6 






41.400 


48,600 



97. Electric floz. — The product of the intensi^ of an electric 
field and an area at right angles to the direction of the field is 
called the electric flux across the area , that is, we may write 

<b =fa (68) 

in which <b is the electric flux across a square centimeters of 
* HeTdweiller, Witd. Ahk. 48, p. Z35, 1893. 
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area at right angles to an electric field of intensity /. When f 
is expressed in volts per centimeter and a in square centimeters, 
the flux 4> is expressed in terms of a unit which may be called 
the volt-centimeter. Electric flux is in many respects similar to 
magnetic flux, but the two must not be confused, although the 
same letter 4* is here used for both. 

9S Amotmt of electric flux which emanates from an electric 
charge. — It was shown in Art 39 that ^vm units of magnetic 
flux emanate from a magnet pole of which the strength is m, 
that is, the strength of a magnet pole may be expressed in terms 
of the magnetic flux which emanates from it There is also a 
simple proportional relationship between the amount of charge on 
a body and the amount of electric flux which emanates from the 
body, and the amount of charge on a body may be expressed in 
terms of the electric flux which emanates from it. The relation- 
ship between electric charge and flux will be established for the 
simplest case, namely, the case in which a chaise is spread uni- 
formly over a flat surface, as on the flat metal plate of a 
condenser. 

Consider the two parallel metal plates AA and BB, Fig. 
107, the area of each plate being a square centimeters, thetr dis- 
tance apart being x centimeters, and the electromotive force be- 
tween them being E volts. The lines of force of the electric 
fleld in the region between the plates are indicated by the fine 
arrows, and the intensity of this field is equal to £/#, according 
to equation (67), so that the total electric flux <I> emanating from 
the plate AA is a x f/.r. The capacity of the condenser AA 
BB in farads is 884 x io~" X a/^t, according to equation (63), 
so that the chaise on one plate is equal to 884 x lO"" x aElx 
(^ = CE) which is equal to 884 x 10"" x *, because of/x is 
equal to ^ ; therefore 

q = 884 X 10-" X 4" 
or 

<b~Bq (69) 

in which 
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5= I 131 X 10" (70) 

(see Art. 91), that is, B lines of electric flux emanate from one 
coulomb of positive charge or converge towards one coulomb 
of negative charge. It is a great help towards a clear under- 
standing of electrostatics to think of electric charge, positive or 
negative, as the beginning or ending of lines of electric force. 

99. Electric field due to a concentrated charge. — Consider a 
concentrated positive charge q from which lines of electric force 
emanate in all directions, as shown in Fig. 1 1 1, and let it be re- 



Y\%. 111. 

quired to find the intensity / of the electric field at a point p 
distant r centimeters from the center of q. Describe a sphere 
of radius r with its center at the center of q. The area of the 
surface of this sphere is 4wr*, and the electric field / is every- 
where at right angles to this surface and everywhere the same in 
value at the surface. Therefore the electric flux across the sur- 
face of the sphere is equal to 4ir/^x/, and this must be equal to 
Bq according to equation (69), where B has the value given in 
equation (70). Therefore we have 

.5^=4717^ 
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»» 



(70 



in which / is the electric field intensity in volts per centimeter 
at a point r centimeters from a concentrated charge of q 
coulombs. 

Equation (71) applies not only to the ideal case of a concen- 
trated charge, but also to the case in which the charge is uniformly 
distributed over a sphere. 

100. Electrostatic attraction and repulsion of concentrated 
charges. — Consider a concentrated charge / at a point distant 
r centimeters from another concentrated charge ^'. The elec- 
tric field intensity at tf due to y" is given by equation (71), 
namely, 

4-n- r* 

and according to equation (66), the force with which this field 
acts upon the chaise q" is equal to the product ^f, that is, 

"-^^■^r (73) 

in which F is the form in joule-units * with which the two con- 
centrated charges / and q" repel each other when they are at 
a distance of r centimeters apart, cf and ^' being expressed 
in coulombs. When q' and ^' are both positive or both nega- 
tive, the force i^ is a repulsion ; when one is positive and the 
other is negative, the force F is an attraction. 

The anil of charge of the " eleclrvslalic system," — The c.g.s. units of magoetk 
pole strCDgtli, magnetic Eeld intensity, eleclric current strength, electromotive force, 
electric charge, electrostatic capacity, etc., which hare been used in the foregoing 
chapters constitute what is called \ht eleelromagnetic syslem of units. This "electro- 
magnetic system " slaits out with the definition of a unit magnetic pole u a pole of 
such strength that it will exert a force of one dyne upon an equal pole at > distance 
of one centimeter. The so-called eleilroslatie system of uni/t starts out with the de5- 
nitioQ of the unit charge as a charge which will ciert a force of one dyne upon an equal 

• kjeule-unil of force is a force which will do one joule of work in pulling a body 
through a distance of one centimeter; it is equal lo lo' dynes. 
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diu^ M * distance of one centimeter, so that, if the two charges f' and ^ are 
expressed b "electrostatic" units, and F in dynes, equation (73) becomes 

^=¥ (!) 

It is convenient to call the electrostatic system of units th« Faraday uniti in order 
to distinguish them fcom the c.g.s. units which are employed throughout this text 
Thus, the Faraday unit of electric charge is a charge which will eiert a force of one 
dyii« upon an equal charge at a distance of one centimeter in air ; the Faraday unit 
of electric field intensity is an electric lield of such strength that it will eiert a force 
of one dyne upon a body which carries one Faraday uoic of charge ; the Faraday unit 
of electric current is the flow of one Faraday unit of charge per second through a wire ; 
the FaradajF unit of magnetic lield intensity is a field which will push sidewise with ■ 
force of one dyne upon each centimeter of a wire carryiog one Faraday unit of electric 
current ; the Faraday onit of mo^etic pole is a pole of sucb strength that it will be 
acted upon by a force of ooe dyne in a magnetic field of one Faraday anil intensity ; 
and so on. The electrostatic system of units (Faraday units) arc extensively used ID 
advanced treatises on Electricity and Magnetism. In this test, however, the electro- 
magnetic system of units will be used, that is to say, either the c.g.s. units, such as 
the abampere, the abohm, the abvolt, the abcoulomb, the abfarad, etc., or the so- 
cslled practical units such as the ampere, the ohm, the volt, the coulomb, the farad, 

Numbtr ef Faraday uniti of ckargt in am aicoulemt, — A given pair of charges 
attract (or repel ) each other with a definite force at a given distance apart according 
to equation (73), in whkh q and q' are expressed in coulombs and F is expressed 
in joule-units of force. If ^ is expressed in dynes, the number which expresses it 
must be ten million times as lat^e, so that the right-faand member of equation [73) 
must be multiplied by 10' to give F in dynes. The Ibrce with which two concen- 
trated charges, each equal to one abcoulomb ( 10 coulombs], would repel each other 
aX a distance of one centimeter apart is nxSj^v joule-unils of force, or itfBj^ir 
dynes, according to equatioD (73) ; by Substituting this value offeree in equation (i), 
above, placing q' =^^, and solving for q' we Hnd the number of Faraday units of 
charge in one abcoulomb, namely, 3 X 'o'". This result is equal to the velocity of 
light in air in centimeters per second. See Art I46. 

101. Electiostatlc attraction of parallel plates. — Consider two 
parallel metal plates connected to a battery as shown in Fig. 107. 
Let a be the area of each plate, x their distance apart, and E 
the electromotive force between them. The two plates constitute 
a condenser of which the capacity Is 

- \ ka . 

according to equation (63), where i is the inductivity of the 
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dielectric between the plates. The energy of the charged con- 
denser is 

according to equation (65^). 

Let the battery be disconnected and the plates A and B in- 
sulated so that q cannot change, and imagine the plates to be 
pulled apart so as to increase their distance by the amount ^ 
(the dielectric being a fluid like air or oil). Then the energy of 
the condenser will be increased by the amount 



2 ka 



(iii) 

This expression for the increase of enei^y of the chained con- 
denser is easily derived from equation (ii) by assuming jr to in- 
crease slightly. This increase of energy of the charged condenser 
comes from the work done in separating the plates against their 
mutual attraction. Let F be the force of attraction of the plates, 
then F£kX is the work done against their mutual attraction, and 
this is equal to iW in equation (iii) so that 



^'-Aa in) 

in which F is the force in joule-units with which two parallel 
metal plates attract each other, a is the area of each plate in 
square centimeters, q is the charge on each plate (positive on 
one, negative on the other) in coulombs, and B is equal to 
1. 13 1 X ro". 

It is noteworthy that the force of attraction is independent of 
the distance between the plates and inversely proportional to the 
inductivity of the dielectric, the charge being given. The plates 
are supposed to be very large in comparison with the distan(% 
between them, according to Art 90. 
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AUracHon for a given electromotive force. — The chai^ g in 
the above discussion is equal to the capacity of the condenser 
times the electromotive force between the plates, according to 
equation (61), that is, 

I kaE 
?-;g--- 

according to equations (61) and (62). Substituting this value of 
g in equation (73), we have 

„ I kaE" ^ . 

P=rB -^ <74) 

in which F is the force in joule-units with which two metal plates 
attract each other in air or oil, E is the electromotive force be- 
tween the plates, a is the area of each plate, x is the distance be- 
tween the plates in centimeters, and B is equal to 1.131 x 10". 
It is wottby of note that the force of attraction of parallel plates 
is inversely proportional to the square of the distance between 
them and directly proportional to the inductivity of the dielectric 
for given electromotive farce. 

102. The absolute electrometer is an arrangement for determinu^ 
the value of an electromotive force by measuring the force of at- 
traction of parallel metal plates. »imc« 
The value of the electromotive 
force is calculated from equa- 
tion (74) when k {ka*i, for 
air), a, x, and B are known, — 
and F is observed in joule- l" 
units. Figure 112 shows the ■'' '' 
essential features of the abso- 
lute electrometer, A portion of area a of the upper plate is hung 
from one end of a balance beam so that the force with which this 
portion is attracted by the lower plate may be counterpoised by 
weights placed upon the scale pan and thus determined. The 
stationary portion gg of the upper plate completely surrounds 
the portion a and is called the guard ring. Equation (74) is 
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true only for plates which are very lai^e in comparison with their 
distance apart, and this guard ring makes it possible to realize 
this condition approximately without making the moving part a 
of the upper plate inconveniently lai^e. 

The value of the constant B, which appears in equation (62), 
Art 90, which also appears in the equations for electrostatic 
attraction, and which is equal to the amount of electric flux which 
emanates from one coulomb according to equation (69), may be 
most easily determined by means of the absolute electrometer. 
A known electromotive force E is connected to the plates of an 



^^^. 





absolute electrometer, and the force F is measured, the area a 
of the movable plate and the distance x between the plates be- 
ing known, then the value of B may be calculated from equa- 
tion (74), k being equal to unity for air. 

103. The eiectroBtatic voltmeter consists essentially of a fixed 
metal plate and a delicately poised or suspended metal plate 
which carries a pointer which plays over a divided scale. The 
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electromotive force which is to be measured is connected to the 
two plates and the scale is numbered so as to indicate the value 
of the electromotive force directly. 

The Bxed and movable plates of the electrostatic voltmeter are 
usually arranged as shown in Fig. 113(7, in which FF and 
FP are the fixed plates, and MM is the movable plate. Figure 
113^ shows an electrostatic voltmeter designed by Lord Kelvin 
for measuring electromotive forces ranging from 80 to 140 volts. 
The movable plate in this instrument consists of a large number 
of vanes which are drawn into the spaces between a large num- 
ber of stationary plates essentially as in Fig. 1 1 3^. 

104. Energy and tension of the electric field In air. — Consider 
the chai^d metal plates AA and BB in Fig. 107; the capac- 
ity of the plates considered as a condenser is 



according to equation (62), where 5=51,131x10". Theencrgy 
of the chaiged condenser AABB, Fig. 107, is 

according to equation (65 j). Therefore, using \jB-ajx for C, 
we have 

2B X ^' 

This energy of the charged condenser resides in the region be- 
tween the plates, that is, in the electric field. The volume of this 
region is ax. Therefore, dividing both members of equation (i) 
by ax, we find 

Eoo^ of •n electric field in 1 I .j . 

jonlea percuWccenlimeWr J ^ 25 v5/ 

in which /, which is written for Ejx, is the intensity of the 
electric field between the plates in volts per centimeter. 

The force of attraction of the two metal plates A A and BB, 
¥vg. 107, is given by equation (74), and this force is transmitted 



byGoogIc 



1 86 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

across from plate to plate in the form of a tension of the electric 
field Therefore dividing both members of equation (74) by a, 
we have the tension of the electric field in joule-units of force per 
square centimeter of section, and in the case of air (k equals 
unity), we have 



Tendon of an electric field Id joale-Doils *) I 

of force pa sqiuie centimeter of lection f 2S 



/' 



W 



in which /, which is written for £/x, is the intensity of the 
electric field in volts per centimeter. 

lOfi. Electric potential. — The two heavy black circles in Fig. 
' 1 14 represent two long parallel metal cylinders one of which is 




positively charged and the other of which is negatively charged, 
and the fine curved lines (with arrowheads) represent the lines 
of force of the electric field in the region between the charged 
cylinders. The intensity of the electric field at a given point is 
80Taajiyvolisfierceniiftuierpnral\el to the lines of force at that 
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point Let the plane of the paper in Fig. 114 be a horizontal 
plane, and imagine a hill built upon this plane in such a way 
that its slope Unes as seen projected upon the base plane coin- 
cide with the lines offeree in Fig, 114. If the height of this hill 
is measured in volts then its slope may be expressed in volts per 
centimeter at each point, in fact its slope will be a complete rep- 
resentation of the electric field in the plane of Fig. 114. The 
height, at a point, of an imagined hill whose slope is everywhere 
equal to the electric field is called the electric potential at that 
point. The heavy curved lines ppp in Fig. 1 14 are the contour 
lines, or lines of equal level, on the potential hill which is im- 
agined to be built as described above. The potential is there- 
fore the same at every point along each of the heavy curved lines 
and these lines are therefore called lines of equipotential. 

The above example refers to the distribution of electric field in 
two dimensions, and in this case the potential hill may be actually 
constructed as a geometrical hill. In general, however, this is 
not possible, that is to say, it is not possible to construct a geo- 
metrical representation of the potential hill. A clear idea of po- 
tential in this general case may be obtained as follows : Imagine 
any given distribution of electric field, the electric field surround- 
ing a charged sphere, for example, and imagine the region sur- 
rounding the sphere to vary in temperature from point to point in 
such a way that the temperature gradient (degrees per centimeter) 
at each point may be equal to the electric field (volts per centime- 
ter) at that point Then the temperature at each point represents 
what is called the electric potential at that point. In this ex- 
ample of the field surrounding a chat^d sphere, the lines of force 
are radial straight lines and any surface drawn so as to be at 
each point at right angles to the lines of force is a surface of equi- 
potential. 

In order to completely establish the value of the electric poten- 
tial at different points in space, a region oi zero potential toast be 
arbitrarily chosen. Then the potential at any other point is 
equal to the electromotive force E between the arbitrarily chosen 
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r^on of zero potential and the given point The product Eq 
is equal to the work required to carry chat^e q from the region 
of zero potential to the given point, and it is therefore equal to 
the potential iturgy of the charge q when it is placed at the 
given point 

The idea of potential is important tn the mathematical theory 
of electricity and magnetism, but its use by students who are 
beginning the study of the subject of electricity and magnetism 
tends to turn the attention away from physical realities. 

Problems. 

115. During 0.03 second a charge of 1 5 coulombs passes 
through a circuit. What is the average value of the current dur- 
ing this time ? Ans. 500 amperes. 

116. Suppose the strength of a current in a circuit to increase 
at a uniform rate from zero to 50 amperes in 3 seconds. Find 
the number of coulombs of charge carried through the circuit by 
the current during the 3 seconds. Ans. 75 coulombs. 

117. A condenser of which the capacity is known to be 5 
microfarads, is charged by a Clark standard cell of which the 
electromotive force is 1.434 volts and then discharged through a 
ballistic galvanometer. The throw of the ballistic galvanometer is 
observed to be 1 5.3 scale divisions. What is the reduction factor 
of the galvanometer ? Ans. 469 x I o~* coulombs per division. 

118. A condenser of unknown capacity is chained by 10 Clark 
cells in series, giving an electromotive force of 14.34 volts, and 
then discharged through the ballistic galvanometer specified in 
problem 117; the throw of the ballistic galvanometer is observed 
to be 18.6 divisions. What is the capacity of the condenser? 
Ans, 0.608 microfarad. 

119. An electromotive force acting on a condenser increases at 
a uniform rate from zero to 100 volts during an interval of 1/200 
of a second. The capacity of the condenser is 20 microfarads. 
Find the value of the current during the 1/200 of a second. 
Ans. 0.2 ampere. 
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180. An alternating electromotive force which is represented 
by the ordinates of the zigzag line in Fig. 1 1 5 acts on a circuit 
which contains a condenser. The resistance of the circuit is neg- 
ligible, and the capacity of the condenser is 20 microfarads. 



Plot the curve of which the ordinates represent the successive 
instantaneous values of the current 

121. Two parallel metal plates at a fixed distance apart with 
air between are charged as a condenser and discharged through 
a ballistic galvanometer. The plates are then submerged in tur- 
pentine and again charged and discharged through a ballistic gal- 
vanometer. The charging electromotive force is the same in 
each case and the throw of the ballistic galvanometer is observed 
to be 7.6 divisions in the first instance and 16.7 in the second 
instance. Find the inductivity of the turpentine, Ans. 2.2. 

122, The metal core and metal sheath of a submarine cable 
are separated by an insulating layer of gutta-percha and they 
constitute the two plates of a condenser. One mile of a subma- 
rine cable has a capacity of 0.06 microfarad. What is the ca- 
pacity of 100 miles of the cable? Ans. 6 microfarads, 

123. A condenser is to be built up of sheets of tin foil 12 cen- 
timeters X 1 5 centimeters. The overlapping portions of the sheets 
are 1 2 centimeters x 1 2 centimeters. The sheets are separated 
by leaves of mica 0.05 centimeter thick. How many mica leaves 
and how many tin foil sheets are required for a one-microfarad 
condenser ? Assume the inductivity of the mica to be equal to 
6. Ans. Mica, 655 ; tin foil, 656, 

124, A condenser is made of two flat metal plates separated by 
air. Its capacity is O.CX33 microfarad. Another condenser has 
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plates twice as wide and twice as long. These plates are sepa- 
rated by a plate of glass (inductivity 5) which is four times as 
thick as the air space in the first condenser. What is the capacity 
of the second condenser? Ans. 0.015 microfarad. 

125. Two metal plates, 100 centimeters x 100 centimeters, are 
separated by 2 centimeters of air. This condenser is charged by 
a battery having an electromotive force of 2,000 volts. What is 
its enei^ in joules ? Ans. 0.000884 joule, 

126. A flat glass plate, inductivity 5, size 100 centimeters x 100 
centimeters x 2 centimeters, is slid between the metal plates 
specified in problem 125, the battery being left connected to the 
metal plates. What is the energy of the condenser after the 
glass is in place ? Ans. 0.00442 joule. 

127. The 2,000-volt battery is disconnected from the metal 
plates specified in pr<Jblem 1 26 after the glass is in place and the 
metal plates are thoroughly insulated. The glass plate is then 
withdrawn, the whole charge being left on the metal plates. 
What is the electromotive force between the metal plates after 
the glass plate is withdrawn ? What is the energy of the con- 
denser after the glass plate is withdrawn ? How much has the 
energy been increased by withdrawing the glass ? How much 
force was necessary to withdraw the glass, goring friction, 
weight, etc. ? (Assume that the glass is withdrawn sidewise, not 
comerwise.) Ans. 10,000 volts, 0.0221 joule, 0.01768 joule, 
1,768 dynes. 

128. The air condenser specified in problem 125 is chained 
with 2,000 volts, the battery is disconnected and the plates are 
then moved to a distance 3 centimeters apart, chaise on the 
plates remaining unchanged. What is the electromotive force 
between the plates after the movement ? What is the increase 
of enei^ due to the movement ? How much force was neces- 
sary to produce the movement, ignoring friction, weight, etc.? 
Ans. 3,000 volts, 0.000442 joule, 4,420 dynes. 

129. What is the intensity of the electric field between two 
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parallel metal plates, 1 5 centimeters apart, the electromotive force 
between the plates being 25,000 volts? Ans. 1,667 volts per 
centimeter. 

130. A lat^ metal ball is placed in the uniform electric field 
between the plates specified in problem 129 and the ball is acted 
upon by a force of 2.5 dynes. What is the chaise on the ball in 
coulombs ? Ans, 1 5 x lO"" coulomb. 

131. A spark gauge s is connected with two metal plates AB 
as shown in Fig. 1 16. A sheet of paraffined paper 0.002 of an 
inch in thickness is placed 
between A and B and the 
spark gap s is slowly in- 
creased until the paraffined 
paper is punctured. The 
spark gap is then meas- 
ured and found to be 
equal to 0.16 centimeter. 
The radius of the spheres 
of the spark gauge is 0.25 
centimeter. Find the value 
of the electromotive force 
required to puncture the 
piece of paper. Ans. 
6,950 volts. 

1S3. What is the inten- 
sity of the electric field in 
volts per centimeter at a 
distance of 200 centimeters 

from the center of a sphere upon which 0.0002 coulomb of chaise 
is uniformly distributed ? Ans. 4,500 volts per centimeter. 

134. Find the maximum chaise that can be held on a sphere 
200 centimeters in diameter in air on the assumption that the 
electric field intensity at the surface of the sphere cannot exceed 
22,000 volts per centimeter without breaking the air down elec- 
trically. Ans. 0.000979 coulomb. 
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by Google 



193 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

135. A very long metal cylinder, 10 centimeters in diameter, 
is charged and the amount of charge on each centimeter of length 
of the cylinder is 3 x io~'* coulomb. Find the intensity of the 
electric field at a point distant 50 centimeters from the axis of the 
cylinder. Ans. 0.1 08 volt per centimeter. 

136. Find the maximum charge that can be held on each unit 
length of the cylinder specified in problem 1 3 S on the assumption 
that the electric field intensity at the surface of the cylinder can- 
not exceed 22,000 volts per centimeter without breaking down 
the air. Ans. 62 x io~* coulomb, 

137. A liquid covers a horizontal plane at a uniform depth of 
10 centimeters. At a point in this plane there is a hole through 
which the liquid flows at the rate of 15 cubic centimeters per 
second. Find the direction and magnitude of the velocity of the 
liquid on the plane at a point distant r centimeters from the 
center of the hole. Ans. 0.238/r centimeters per second. 

136. Two parallel metal plates each one centimeter in diameter 
are placed in pure distilled water at a distance of 10 centimeters 
apart and an electromotive force of 100 volts is connected to the 
two plates. Find the force in dynes with which the plates attract 
each other, the inductivity of the water being equal to 90. Ans, 
32 X io~* dynes, 

139. The entire region throughout a room is a uniform electric 
field directed vertically upwards and its intensity is 2,000 volts 
per centimeter, {a) Choosing the floor as the r^on of zero 
potential, what is the potential at a point 1 50 centimeters above 
the floor ? (d) What kind of lines are the lines of force, straight 
or curved, and in what direction ? (<r) What kind of surfaces are 
the surfaces of equipotential, plane or curved, and in what direc- 
tion do these surfaces lie ? Ans. {a) 300,000 volts, (ff) Straight 
lines, perpendicular to floor, (c) Plane surfaces, parallel to floor. 

140. Given two parallel metal plates I S centimeters apart to 
which a 10,000-volt battery is connected. Imagine a line JC 
drawn straight from plate to plate. Choose the negatively 
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charged plate as the region of zero potential and plot a curve of 
which the abscissas are distances measured along the line X and 
of which the ordinates represent the values of the potential at 
points along this line. 

141. An inclined plane is viewed from above. A series of 
contour lines and of slope lines are drawn upon the plane. Make 
a diagram showing the appearance of these lines as projected 
upon the base plane. 

142. A circular cone is viewed from above and a series of con- 
tour lines and slope lines are seen projected upon the base plane 
of the cone. Draw a diagram showing the appearance of these 
lines on the base plane. 
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CHAPTER VIII. 
THE PHENOMENA OF ELECTROSTATICS. 

106, The TDltalc cell (or dynamo) Tersos multlplyliig derioes far 
tlie prodoctlon of large electromotlTe forces. — A locomotive engi- 
neer, knowing that an ordinary locomotive can exert about 1 5,000 
pounds of draw-bar puU, and, wishing to observe the behavior of 
a bar of steel when subjected to a stretching force of 1 50,000 
pounds, might arrange to use ten locomotives hitched tc^;ether to 
exert the desired force ; but if the bar of steel should break, then 
the dormant energy of the locomotives would come into action, 
about 10,000 actual horse-power would have to be taken care of, 
and a terrible wreck would probably be the result. TJce value ttf 
a locomotive lies in the fact that it can continue to pull even when 
the thing it pulls oh yields, as it were, at a speed of 60 miles per 
hour ; but for exerting a large force upon a thing which does not 
yield rapidly, some sort of a force-multiplying device, such as a 
screw or a lever, is more convenient and incomparably cheaper 
and safer than a battery of locomotives. 

An electrician, knowing that an ordinary dry cell has an elec- 
tromotive force of about 1.5 volts, and, wbhing to observe the 
effects when the air between two metal plates is subjected to a 
high electromotive force, might think of connecting 100,000 dry 
cells in series to exert 1 50,000 volts ; but if the air should break 
down, then the dormant energy of the battery would come into 
action, about 1,000 actual horse-power would have to be taken 
care of, the apparatus would in all likelihood be destroyed, and 
if the body of the electrician should by accident become a portion 
of the battery circuit, he would be instantly killed. The value tf 
the battery or dynamo lies in the fact that it can continue to push 
even when the circuit upon which it pushes yields at a "speed" <f 
many amperes ; but for exerting a laige electromotive force across 
194 
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a feirly good insulator which does not yield * to any great extent, 
some sort of an electromotive-force- multiplying device is more 
convenient and incomparably cheaper and safer than a battery of 
dynamos or voltaic cells. 

107. The altenatli^-ctirreiit transformer or Induction coU. — 
One method for multiplying electromotive force is by means of 
the alternating - current transformer, 
which is strictly analogous to a me- 
chanical lever pinned to a very massive 
movable body, instead of to a rigid 
fulcrum, as shown in Fig. 117. Such 
a fulcrum gives way under a steady 
force, but it is sufficiently immovable 
under the action of an alternating force, 
that is, a force which is repeatedly re- 
versed in direction. The alternating- 
current transformer or induction coil 
cannot be used to produce a large steady electromotive force, f 

The mechajocal analogue of the alternating-current transformer. 
— A lever Aa, Fig. n 7, of negligible mass, is attached to a very 
massive body ^ by a pin connection. An alternating force acts 
on the end A causing it to oscillate back and forth along the 
dotted line with great alternating velocity /, and the end a of 

* An electrDmotive force of 100,000 volts coDneded to two metal plates each one 
meter iquate nilh a plate of flint glass between them two centimeters thick would 
produce about one ten-million -mi [liooth of an ampere through the plate of Elass. 
See table of spedfic resistances in Art 14. 

t Accessory devices may, however, be used in coDJunction with an alteniB ting-cur- 
rent truufonner to produce an apptoKimatelysIeadjr uni- directional electromotive force. 
One of these devices, the mercury-arc rectifier, is strictly anBlogous to the mechanical 
device called a ratchil which pencils a body to move in one directioD only ; and 
another device is the commutator which is anali^ui to the crank which converts the 
alternating force of a locomotive engine into a pulsating, uni -directional, draw-bar 
pull, which may become fairly steady in value if the moving locomotive is very maa- 
At^. It is not an exaggeration to say that no one can understand (he mercury-arc 
rectifier or the commutator or any other electrical or magnetic device or pheDomenon 
unless he can reduce it in his mind to its mechanical equivalent. See the Preface to 
this volume. 
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the lever oscillates back and forth with a small altematiiig 
velocity i. If the motion of the end a of the lever is opposed 
by a considerable frictionai resistance, requiring a lai^e alter- 
nating force E to overcome it, then a certain small alternating 
force e must act on the end A of the lever to produce the 
required alternating force E. 

One who is familiar with ifae actkn) oi the alterDating cnrrent tnasronnec maj Id- 
low out thii mechanical analc^ne in all of iU detaili. Ilie altenuting velocity of Ibe 
end A correspond! to the primar]' current /', and the altrmating Telocity of the end 
a corresponds lo the secondary current J". Immotabilily of the end a conespondt 
to open secondary circuit, and entire freedom of motion of the end a corresponds to 
short-circuited secoodary. If the mass M were infinite, the end A could not more 
at all when (he end a is liied (open secondary), but if the mass Jtf a finite, then a 
given allemaling force £' acting on the end A would cause some motion of the end 
A, even if the end a were rigidly fixed, and this motion of the end A oorrespondi 
to the magnetiiing current of the Iraosformei. 

108. The electrical donbler. — The device which is most fre- 
quently used for building^ up intense electrical fields (high elec- 
tromotive forces) is shown in its simplest form in Figs. 1 18 to I2I. 





Fie. 1 IB. Fie. 119. 

It is desired to build up a very intense electrical field between a 
metal plate AA and one side of a hollow metal vessel BB. A 
metal ball C, called a carrier, is attached to an insulating handle 
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by means of which it can be brought into contact with the point 
p and then pushed into the interior of BB and brought into 
contact with BB, repeatedly. E^ch time the carrier touches the 
point p it receives a certain amount of charge from the battery 
b, or in other words, a bundle of lines of force comes into exist- 
ence between C and A A as shown in Fig. ii8. As the car- 





rier is moved into the hollow vessel BB, the bundle of lines of 
force trends as shown in Fig 1 19, and work has to be done to 
move the carrier against the pull of these lines of force. As the 
carrier is moved into BB the lines of force from C to AA 
are cut in two, as it were, one after another, by the metal wall at 
w, the portions of the lines of force which pass from C to AA, 
as shown in Fig. 1 20, are then obliterated by bringing C into 
contact with B, and the carrier C is left: entirely neutral as 
shown in Fig. 121. Each repetition of the above movements of 
the carrier C "strings" an additional bundle of lines of force 
from A \,o B and thus increases the intensity of the electrical 
field between A and B. 

The production of a very lai^e electromotive force between 
A and B in Figs. 1 1 8 to 1 2 1 by the to and fro motion of the 
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carrier C is somewhat analogous to the production of an intense 
stress in a steel block AABB, Fig. 122, by stretching small 
rubber bands, like R, and placing 

ithem over the block, one after an 
other. The simplest mechanical an- 
alogue of the electric doubler, how- 
ever, is the building up of intense 
^ stresses in a drum by winding upon 
it a string or wire under consider- 

able tension.* 

^^^^^" In the electrical doubler which is 

pig, 122. represented in Figs Ii8to 121, the 

carrier C receives charge repeatedly 
from a battery b. The frictional electrical machine and the influ- 
ence electrical machine employ the principle of the electrical 
doubler. In these machines, however, the carrier is chatted not by 
a battery of voltaic cells, but by either of two peculiar electrical 
processes, namely, (a) charging by contact and separation, or (^) 
charging by influence.'^ These two processes are described in 
"A very interesting example of this action is described on page 339 of the tliird 
Tolune of Lord Kelvin's Popular Ltctwis and AdJresiei. When Lord Kelvin was 
carrring out his fint eiperimeoU on deep sea sounding, the long piano-steel wite 
which was us«l was wound 
apon a heavy melal drum, and 
the stress in the drum became 
great enough lo bend it out ot 

tThe simplest device com- 
bining rkarging by influtnit 
and the doubling action which 
ii described in connection with 
Figs. 118 lo 131 is shown in 
Fig. 133. The hollow metal 
vessels A and B have a cer- 
tain amount of charge to begin 
with. Two flat metal carriers 

Cand D each having an insu- p,g_ j^j. 

laling handle, are placed be- 
tween A and B and brought into contact with each other ai shown. The resnlt b 
that the lines of force from A to B arrange themselves as shown in the fignre, and 
then the carriers C and D may be separated from each other, carrier C being moved 
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the following articles, and in order to obtain a clear understanding 
(^ the fricdonal electric machine, of the Toepler-Holtz electrical 
machine, and of the Wimshurst electrical machine, it is important 
to keep in mind the fact that every one of these machines involves 
the principle of the electrical doubler, inasmuch as the carrier or 
carriers pass between two conducting bodies to both of which they 
give up their charges, so that these two conducting bodies take 
the place of the hollow vessel BB in Figs. 118 to 121. 

109. Charging by contact and separation. — The production of 
electric charge by the rubbing together of certain substances is 
one of the most familiar of the phenomena of electricity. When 
a cat is stroked with the hand in a dry room, the cat* s fur and 
the hand become oppositely charged, and the crackling sound 
which is produced is due to the production of minute electrical 
sparks which may be seen if the room is dark. A hard rubber 
comb becomes strongly charged when it is passed through very 
dry hair, and the comb will attract small bits of paper or pith. 
When pencil marks are erased from a very dry piece of paper by 
means of a rubber eraser, the paper becomes chained and it 
clings to the drawing board or table. 

Two substances when brought into contact always tend to 
settle to a state of equilibrium in which electric lines of force 
pass from one substance to the other across the very thin air 
space between them. Thus, two flat plates of zinc and copper 
settle to equilibrium with an electromotive force of about 0.9 
volt between them, so that the intensity of the electric field in the 
very narrow space between the plates may be several thousands 
volts per centimeter. If the plates are thoroughly insulated and 
moved apart, the electric field intensity (volts per centimeter) re- 
hito the interiorof^and brought into cxmlact with £, and carrier i) being moT«] into 
the ioterior of A and brought into contact with A. The result ii that the bnodle 
of lines of force from .4 to C in Fig. 133 is itretched acrosi from A U> B, and 
the bundle of lines of force from D to 3 n stretched acrais from A to 3 thui 
increasing the total number or lines of force from A to B. TYie revulviitg doutler 
of Lord Kelnn is a mechanical device for performing the operations here described, 
the canien C and D being mounted upon a rotating, insulated am. 
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mains unaltered, so that the electromotive force between the 
plates may be increased to several thousands of volts. Thus, the 
very fine lines in Figs. 124 and 125 represent the electric field 




between the copper and zinc plates when they are close together 
and after they have been se[)arated to a considerable distance. 

In order to produce an intense electric field by separating two 
metal plates, the plates must be very flat, and they must be 
separated in such a way as to avoid a lingering contact between 
them. When both of the substances are good insulators, how- 
ever, they always retain their chaises (one positive and the other 
negative) when they are moved apart, and the intervening region 
becomes an intense electric field. This phenomenon is called 
charging by contact and separation. In order to bring sealing 
wax and fur, or glass and silk into intimate contact, vigorous 
rubbing is necessary, and therefore chaining by contact and 
separation is frequently spoken of as charging by friction. 

To understand the phenomenon of charging by contact and 
separation it is important to keep in mind that the charging is 
done by contact (no one knows exactly how), and that the crea- 
tion of an intense electrical field throughout a large region is ac- 
complished by separation. In this case the electrical field is 
wound up,* as it were, by pulling the charged surfaces apart, and 
the work done in pulling the charged surfaces apart against their 
force of attraction (tension of the lines of force) is the work that 
goes to establish the field in the larger and larger region between 
the receding surfaces. 



* In the wnse of winding up a Epring st 



o pul it under sire ss. 
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110. The Mctional electric machine. — This machine consists of 
a rotating glass disk DD, Fig. 126, the various parts of which 
come in succession into intimate contact with two leather 
cushions AA which are impregnated with an amalgam of tin, 
zinc and mercury. The surface of the glass plate as it leaves 
these cushions is left highly charged with positive electrid^, and 




the cushions are left negatively charged. The n^ative charge 
flows into the insulated conductor N which is connected to the 
cushions by means of the metal springs SS, and the positive 
charge is carried on the surface of the glass disk to the collectii^ 
combs CC whence tt flows into the insulated conductor P. 
Two silk aprons pp, one on each side of the rotating disk, tend 
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to prevent the escape of the positive charge from the surface of 
the disk.* 

111. Charging by influence. — The simplest example orchard- 
ing by influence is that which is described in connection with Fig. 
123. Charging by influence is 
essentially the cutting of hnes 
of force in two by two sheets 
of metal so that the ending of 
the lines of force on one sheet 
constitute a new negative 
charge and the beginning of 
the lines of force on the other 
sheet constitute a new positive 
charge. Let A, Fig. 1 27, be a 
dialled body from which lines 
of force emanate. When a 
metal ball B is brought near to 
A, the lines of force converge 
upon one side of B and diverge from the other side as shown in 
the figure; if a second metal l>all Cis brought into contact with 
B, as shown in Fig. 128, then the lines of force convei^e upon 
B and diverge from C, and the two balls B and C retain thdr 
charges when they are separated and removed to a distance from 
A. This operation is called charging by influence, and it results 
in the production of equal amounts of positive and negative elec- 
tridQ' (on B and C respectively) while the original influencing 
charge on A is undiminished. Charging by influence is exem^ 
pltfied by the operation of the electrophorus. 

113. The electropboruB is a device for the production of charge 
by influence. It consists' of a rosin or hard rubber plate D, 

*The frkliiMnI electric machine involTcs the principle of Ihe electric doablei, but 
it is Dot worlh while to eiamine minutely into the manner in which the lines of force 
are <1t>wd out as it were end "strung" acioss from P Vt N, as the * ariout paitl 
of the glass plate leave (he cmhions A A. The above account, which is based on the 
idea that positive and negative electricities are two Bnid-like substances, is snflicientlj 
Intelligible for present purposes. 
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Fig. I2g, which has been electrified (negatively) by rubbing it 
with a piece of fur or flannel, and a metal disk M with an 




DE 



insulating handle H. When the metal disk is brought near to 
the negatively charged plate of rosin and touched with the finger 
it is left: with a charge of positive electric- 
i^, and this charge remains on M, when 
M is removed to a distance from D. This 
operation may be repeated indefinitely. * 

113. loflneBce electrical machines. — The 
electrophorus is the simplest arrangement 
for the generation of chaige by influence. 
If the metal carrier M of the electrophorus is thrust into a 
hollow metal vessel and touched to its walls, it gives its entire 
charge to the hollow vessel, whatever the previous charge on the 
vessel may be, and thus it is possibe to generate any desired 

* The deacriptioD here given of the opentioD of the electroidiorui is really inRcte- 
quate. The metal pan which contains the rosin plate plays an iraportant part in the 
operation of llie electrophoma as is evident froia the bet that the elcttrophonu does 
not operate aatisractaiily when the metal pin is insulated from the SooT and walls of 
ihe Toont by being placed npon an intalating support. 



Re- 139. 
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electromotive force between the hollow metal vessel and the 
wails of the room. In the Toepler-Holtz machine and in the 
Wimshurst machine, metal carriers are fixed to a rotating glass 
disk or disks so that at one part of their path these carriers 
become charged by influence and at another part of their path 
they pass between two pieces of metal which act like the hollow 
metal vessel in Figs. iiS to 121, thus combining the principle 
of the electrical doubler with the principle of the electrophorus. 
The inducing charge (which corresponds to the chati^e on the 
rosin plate of the electrophorus) in the Toepler-Holtz machine 
and in the Wimshurst machine is generated by the machine itself 

Reversibility of influence machines. — The Toepler-Holtz ma- 
chine and the Wimshurst machine may be used as electric gen- 
erators as described below, in which case they must be supplied 
with mechanical power and they deliver electrical charge at high 
electromotive force; or they may be used as electric motors in 
which case they must be supplied with electric charge at high 
electromotive force from some outside source, and they deliver 
mechanical power. Thus, a very lai^e Toepler-Holtz machine 
driven at high speed may deliver a steady current of o.ooi of an 
ampere (one thousandth of a coulomb of charge per second) at an 
electromotive force of, say, icX),ooo volts. This corresponds to 
an output of 100 watts of power, and if the friction losses in a 
second similar machine are very small, the second machine may 
be driven as a motor. 

114. The Toepler-Holtz machine. — A general view of the 
Toepler-Holtz machine is shown in Fig. 1 30. It b difBcult to 
show in a diagram the essential features of such a machine in 
which the carriers are arranged on a glass disk. Figure 131 
shows a possible form of Toepler-Holtz machine in which the 
carriers are fixed to a rotating glass cylinder which is surrounded 
by a stationary glass cylinder upon which the "inductors" 
AA and BB (which carry the inducing chaises) are supported. 
The neutralizing rod is a stationary metal rod with metal brushes 
at its ends, and the figure shows the metal brushes 2 and 4 in 
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contact with the metal buttons which project from two of the 
carriers. The result is that these two carriers become charged 



under the influence of the positive and negative charges on AA 
and SB, the upper carrier being negatively charged and the 



+ 

+ 



+ 

4 



lower carrier being positively charged. The rotation of the inner 
cylinder then moves the carriers in the direction of the curved 
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arrows until the carriers come under brushes 5 and 6 where they 
part with a portioa of their charges, thus replenishing inducing 
charges on AA and BB. The carriers are then moved into 
the space between AA and A'A' on the one hand and into the 
space between BB and B'B' on the other hand where they 
come into contact with the brushes i and 3, thus giving up the 
remainder of their chaises to the metal terminals TT of the 
machine. When a spark is formed between the metal terminals 
TT, the bodies A'A' and B'B' become completely dischai^ed, 
but the induced chaises on AA and BB remain and the 
machine continues to operate. 

The Toepler-Holtz machine is self-exciting, that is to say, the 
extremely minute electromotive forces due to the contact of the 
metal brushes with the metal buttons on the carriers are sufficient 
to start the operation of charging by influence, and the action of 



the machine is then rapidly intensified by the doubling action 
which takes place. 

lis. The Wimsharst machine> — A general view of the Wims- 
hurst machine is shown in Fig. 132. It consists of two oppo- 
sitely rotating glass disks on each of which a number of metal 
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carriers are fixed. Stationary neutralizing rods are placed one 
on each side of the machine, each inclined at an angle of approxi- 
mately 45° to the horizontal, and the charge on one disk as it 
travels towards the collectors serves as the inducing charge for 
the other disk. 

The inducing action of the Wimshurst machine may be ex- 
plained as follows: Figure 133 represents two glass plates AB 



Pii- 133. 
and CD. One of these plates is charged as indicated by the 
plus signs, and the lines of force from this charge converge upon 
the metal point P which is at one end of a neutralizing rod. 



Dp 



m 



The electric field in the neighborhood of P is sufficiently intense 
to break down the air between P and the glass plate CD, thus 
leaving negative charge on the glass plate CD as shown in 
Fig- 134- 

The small portion of the surface of CD which faces the point 
P is thus negatively charged and the amount of charge on this 
small portion is numerically equal to the amount of positive 
charge on the lai^er part of AB from which emanate the lines 
of force that have been broken down between P and CD. If 
the plate CD is moved to the left in Fig. 1 34, fresh lines of 
force crowd into the space between the point P and the plate 
CD, they continue to break down as in the first instance, and the 
entire surface of CD, as it moves out from under the point 
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P, is left much more strongl/ chained than the plate AB, 
The plate AB may itself be charged .by moving it in front of a 
point P' under the inducing action of CD as shown in F%. 



^ f 



.^- + fi-> + 4 + + + 

Fie. 135. 



J, + + I- + - 



135. Under these conditions, the chaises on AB and CD will 
grow more and more intense until checked by the rapidly increas- 
ing leakage from the surfaces of the plates. The negative charge 
on CD, Fig. 135, after it has passed beyond the point P', and 




the positive charge on AB, ailer it has passed beyond the point 
P, may be collected and used for any purpose. 

Figure 136 shows the essential features of a complete Wims- 
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hurst machine consisting of two coaxial glass cylinders rotating 
in opposite directions. The negative charges on both cylinders 
are collected by the double metal comb on the left as the rotating 
cylinders pass between the prongs of the comb, and the positive 
charges of both cylinders are collected by 
the double comb on the right. 

ne. Electroscopes. — An electroscope is 
a. device for indicating the existence of an 
electric charge, or for detecting an electric 
field. 

Tk^ pitk ball electroscope consists of a 
^Ided ball of pith suspended by a silk thread. 
The presence of an electric field in a given 
region may be shown by charging the pith ball, and noting the 
force which acts upon it when it is placed in the given region, 
the direction of the field being indicated by the direction of the 
force which acts upon the ball. 

A pith ball may be hung alongside of a body of metal, as 
shown in Fig. 137. If the body of metal is charged, a portion 
of the chaise is given to the ball, and the lines of force which 
emanate from the ball pull it outwards from the body as shown 
in the figure. 

The essential features of ^t gold leaf electroscope are shown in 
Fig. 138. A metal rod R is supported in the top of a glass case 
cc by means of an insulating plug, a metal disk D is fixed to 
the upper end of the rod, and two gold leaves are hung side by 
side from the lower end of the rod. The glass case cc serves to 
protect the gold leaves from air currents. The sides of cc are 
lined with strips of metal foil ff, and these pieces of metal should 
be connected to earth. When the disk, rod and leaves are charged, 
the leaves are pulled apart by the lines of force which emanate 
from the leaves and terminate on the strips ff as shown in Fig. 
139. This figure shows the instrument without the enclosing 
case for the sake of clearness. 
'S 
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The behavior of a gold leaf electroscope when a chained body is 
brought near to the plate D is as follows : (i) When the elec- 
troscope has no initial charge, some of the lines of force pass 
from the charged body into the disk and then spread out from 
the leaves to the strips ff, causing the leaves to diverge. If 
the charged body is removed the electroscope becomes neutral 
and the. leaves foil together. If, while the charged body is near 
D, the dbk or rod is touched with the finger, the lines of force 
passing out from the leaves cease to exist, and the leaves fall to- 
gether. If now, the chained body is removed, the lines of force 
passing into the disk from the chained body spread over the disk, 
rod and leaves, and the electroscope is left charged, as indicated 
by the divergence of the leaves. This operation, called charging 
by influence, is explained more fully in Art 1 1 1, 

(2) When the electroscope has an initial chaise, say a positive 
chaise, then a positively chained body brought near to D pushes 
the initial charge down into the leaves, as it were, and the diver- 
gence of the leaves is increased. If a negatively chained body 
is brought near to D, the positive charge on the leaves is pulled 
up into the disk, as it were, by the attraction of the negative 
charge on the body, and the divergence of the leaves is decreased. 
If the negatively chained body is brought nearer, the leaves will 
come together ; and if the negatively charged body is brought 
still nearer the leaves will again diverge. 
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The behavior of a positively charged electroscope when a 
negatively chained body is brought near to it, is the same as its 
behavior when it is n^atively charged and a positively charged 
body is brought near to it 

117. Electric charge resides wholly on the sotface of a charged 
conductor. Electrical screening. — The electrostatic phenomena 
exhibited by charged conductors are precisely the same whether 
the bodies be solid or hollow ; 
and, if the bodies be hollow, 
no effect of the charges can be 
detected inside of them how- 
ever thin thdr walls may be. 
The lines offeree of the electric 
field end at the surface of the 
chalked conductor or, in other 
words, the electric charge re- 
sides wholly on the surface of a 
charged conductor, 

A conducting shell, such as 
a metal box, screens its interior 
completely, so that no action of any kind reaches the interior from 
chained bodies outside.* Thus, a hollow metal ball C, Fig. 
140, screens its interior completely. The lines of force which 
touch the shell C end at its surface. The ending on C of the 
lines of force from A is negative chaise and the beginning on 
C of the lines of force which reach B is positive charge. 

The fact that electrical field cannot penetrate into a substance 
like a metal shows that such substances cannot sustain the pecul- 
iar kind of stress which constitutes electrical field any more than 
a fluid can sustain the kind of stress that exists in a stretched 
steel wire. 

Mechanical analogue of electrical screemng. — Consider a solid 
body B, Fig. 141, entirely separated from the surrounding solid 
by an empty space eee. Stress and distortion of the surrounding 

* This is not ttrictlj une when the ontside conditioni are chiiigjiig rapidlj. 




Fie. 140. 
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solid cannot affect B in any way, and conversely stress and dis- 
tortion of B cannot affect the surrounding solid because the 
empty space is incapable of transmit- 
ting stress. This empty space in its 
behavior towards mechanical stress is 
analogous to a conducting substance 
in its behavior towards electrical 
stresses (electrical field). 

118. A charged condttctor shares its 
charge with another condnctor which 
Is brought into contact with it. — Fig- 
ure 142 shows the lines of force in the neighborhood of a charged 
conductor A. When another conductor B is brought into con- 
tact with A, the lines of force arrange themselves as shown in 
Fig. 143. The charge which was originally on A spreads over 
A and B, as indicated by the ending of the lines of force. 




119. Faraday's experiment. — A charged body B, Fig, 144 
is lowered into a metal vessel and the opening of the vessel is 
closed with a metal lid. As the body is lowered into the vessel, 
each line of force that emanates from B is cut in two, as it were, 
by the wall of the vessel so that, when B is entirely enclosed 
by the vessel, as many lines of force emanate from the external 
surface of the vessel as from the body B, and all the lines of 
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force which emanate from B terminate on the inner surface of 
the vessel. Therefore, if + ? is the amount of charge on B, 
~ q is the amount of charge on the inner surface of the vessel 





i 



L 



Pit. U6. 






and + ? is the amount of chaise on the external surface of the 
vessel in Fig. 145. 

After ihe body B has been completely enclosed by the metal 
vessel as shown in Figs. 145, 146, and 147, the distribution of 
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the electdcal field outside of the vessel does not depend in any 
way upon the position of the body B inside the vessel, and, if 
the body S is brought into contact with the wall of the vessel, 
the lines of force which emanate from B disappear, no charge is 
left on B and no charge is left on the inner sur&ce of the 
vessel. 

120. Giving up of entire duu^ by one body to anottier. — 
When the body B, Figs. 144, 145, 146, and 147, is lowered 
into the vessel and allowed to touch the walls of the vessel it loses 
all of its charge and remains without chaise when removed from 
the vessel, and the chaise on the outside of the vessel is equal to 
and of the same sign as the original charge on B. The body B 
may thus be said to give up its entire charge to the vessel. 

121. Convective dischnrge and disruptive discharge. — Consider 
the positive and negative charges at the ends of a bundle of lines 
of force. In order that these charges may disappear, it is neces- 
sary that the lines of force be annihilated. This may be accom- 
plished by the moving of the charged surfaces towards each other 
until they are coincident, or the dielectnc which sustains the elec- 
trical stress may break down. In the former case, we have what 
is known as convective discharge, and, in the latter case, we have 
what is known as disruptive discharge. 

Convective dischai^e is to some extent analogous to the re- 
lieving of a stretched rubber band by allowing its ends to move 
towards each other. Disruptive discharge is somewhat analo- 
gous to the relief of a stretched rubber band by rupture. 

Examples. — (a) Two metal plates AA and BB in Fig. 106, 
being disconnected from the battery, might be dischai^ed 
(the electric field be made to disappear) by moving the plates 
together. 

(b) The transfer of charge by a moving ball, as described tn 
Art 94, is convective dischat^e. The ball gathers in the ends 
of a bundle of lines of force when it touches one plate and it 
shortens these lines until they disappear as it moves across to the 
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Other plate. Figures 148 to 151 show the successive aspects of 
the electric field while the ball is moving once across from plate 
to plate. 

(c) The electromotive force between the two metal balls A 
and S, Fig. 1 10, may be increased until the intervening dielec- 





tric breaks down, causing the formation of an electric spark. An 
electric spark is a conducting path, like a wire, and its efiect is to 
completely discharge the two balls A and B. 

122. Pn^ress <rf the electric spark. — Let A and B, I^ig. 
1 52, be two metal balls upon which electric chaise has accumu- 
lated until the intensity of the electric field has reached the 
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breaking point of the intervening dielectric. The rupture of tlie 
dielectric starts in the region of greatest electric stress,* as indi- 
cated by the short thick line projecting from the surface of A 
in the figure. Along the line of this rupture the dielectric is a 




good conductor, and the lines of force on all sides move ddewise 
into the rupture as indicated by the arrows, producii^ a greatly 
intensiRed electric field at the end of the rupture so that the rup- 
ture extends further and further until it reaches B, 

This extension of an electric rupture or spark through a region 
in which the intensity of the electric field is originally much be- 
low the breaking value of the dielectric is analogous to the fol- 
lowing : A pane of glass is slightly bent and then scratched near 
one edge so as to start a crack. The effect of this crack is to 
greatly intensify the stress in the glass at the end of the ciack 
and the crack therefore quickly runs across the pane. 

When the electric rupture has extended itself across from A 
to ^ in Fig. 152, a conducting line or path is established from 
A to £, and all of the chaise on A and B disappears, that 
is to say, the electric field between A and B disappears. 

123. The brush discharge. — The discharge in air from a body 
of metal which stands at a distance from surrounding bodies is in 
some respects different in character from the spark discharge be- 
tween two oppositely chatted conductors which are not too lar 
apart. Figure 153 represents the lines of force spreading out 

* Tbii rupture always starts in air at the surface of tbe pastivelr chafed ball, nn- 
len the surrace of tbe other ball Is much more sbarplj euived. 
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from a positively chatted metal ball. If the ball is sufficiently 
chai^^ the electric field near its surface reaches the breaking 
point of the dielectric, and the rupture starts as described in Art 




1 22, but in this case t^ rupture very soon extends into a region 
where the field was originally very much less intense than at the 
sur&ce of the ball, and such lines of force as have moved side- 




wise into- the rupture and have partially (that is, through a portion 
of their length) broken down, now form in a widely divergent 
bundle from the end of the rupture as shown in Fig. 1 54 (com- 
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pare Fig. 154 with Fig. 152). The result is that the rupture 
divides into many branches which penetrate into the surrounding 
air in the form of a tree or brush. This type of discharge is called 
the brush discharge, and it is most readily formed in a r^on 
where the lines of electric force are widely divergent, as near a 
pointed projection on a charged conductor. The brush discharge 
forms more readily on a positively charged conductor than on a 
negatively charged conductor, and the positive brush is very dif- 
ferent in character from the negative brush. 

124. Electric discbarge from metallic points. — A body of metal 
which has a sharp point can scarcely be charged at all, because 
of the fact that a very slight charge on the body produces a very 
intense electric field in the neighborhood of the sharp point, the 
lines of force in this region break down, and the lines of force be- 
come detached from the conductor, ending upon chaiged portions 
of the surrounding air. Thus, Fig. 15511 represents a metal ball 




Fit. iss. 

with a sharp metal point, and Fig. 155^ represents the state of 
aflairs after the air has broken down in the neighborhood of the 
sharp point where the electric field is very intense. 

The tension of the lines of force cd in Fig. 155^ pulls the 
positively chatged air away from the point, forming a blast of 
air. If the ball is connected to an electric machine so as to be 
continually supplied with charge, new lines of force continually 
replace those that are broken down and a continuous blast of air 
is produced which is sometimes strong enough to blow out a 
candle. 
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Figure 1 56 shows the bent end of a metal rod with a sharp 
point at P. When the lines of force emanate from all parts of 
the rod as shown in the figure, the total force acting on the rod 
is zero, if it is at some distance from surrounding objects. When, 
however, the lines of force near 
the point break down, they no 
longer pull on the rod, therefore 
the pull due to the h'nes of force 
at b is unbalanced, and the rod 
is acted upon by a force pulling 
it to the left. The electric wMrl 

is an arrangement of pointed rods bent as shown in Fig. 157, 
and mounted on a pivot on an insulating stand. When this 
arrangement is connected to an electric machine, it is set into 
very ra[»d rotation by the unbalanced pull of the lines of force 
which emanate from the portions 
b of the rods, as shown in Fig. 
156. 

125. The mechanical theory of 
electricity and the atomic theory 
of electricity. — The study of elec- 
tricity and magnetism as repre- 
sented in the foregoing chapters 
(with the exception of several mat- 
ters which are discussed in Chap- 
ter I) is independent of any con- 
sideration of the nature of the physical action which leads to 
the production of electromotive force by a voltaic cell or dynamo ; 
it isindependentof any consideration of the nature of the physical 
action which constitutes an electric current in a wire ; it is inde- 
pendent of any consideration of the nature of the disturbance which 
constitutes a magnetic field ; and it is independent of any con- 
sideration of the nature of the disturbance or stress which consti- 
tutes an electric field. This kind of study of electricity and mag- 
netism may very properly be called electrc'mechamcs. 




Pie. 157. 
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The science of mechanics is, in a broad sense, the study of those 
phenomena which depend upon the mutual actions of bodies in 
bulk. Thus the study of the behavior of a railway car under the 
combined action of the pull of the locomotive and the drag of the 
track belongs to the science of mechanics. The study of the beha- 
vior of a magnet in the neighborhood of an electric circuit belongs 
to the science of mechanics. The study of the behavior of two 
electrically-charged bodies belongs to the science of mechanics. 

Simple mechanics is the study of ordinary bodies at rest or in 
motion, and one of the most important ideas in the science of 
simple mechanics is the idea of force ; but the science of mechanics 
is not concerned with, and it sheds no light upon the question as 
to the exact physical nature of force. Thus, the science o( 
mechanics is not concerned with the question as to the nature of 
the action which takes place in a gas causing the gas to exert a 
force on a piston ; the science of mechanics is not concerned with 
the question as to the nature of the action which takes place in 
the material of a stretched spring causing the spring to exert a 
force ; the science of mechanics is not concerned with the nature 
of the action between tlie earth and a heavy weight causing the 
earth to exert a force on the weight ; the science of mechanics is 
not concerned with the nature of the action which takes place 
between two bodies which slide over each other and which leads 
to the production of the force of friction. // is sufficient for the 
science of mechanics that these actions are what may be called 
states of permanency of the respective systems. Thus, to say that 
a gas in a given cylinder pushes with a force of loo pounds on a 
piston, is to specify a definite result of a definite condition or state 
of the gas, and it is this definite result that is important rather 
than the details of the physical action which is taking place in the 
gas. In fact, the science of mechanics owes its existence to the legiti- 
macy and usefulness of tfie idea of force irrespective of the nature 
of the physical processes upon which force action depends* 

*A Tciy remukable disciusioD "On the Scope of Mechaaical ExplaiutCioD and 
on Ihe Idea of Force" 1» given in Appendix B, pages 368-288, of Lanncr*! 
jEther and MaUtr, Cunbridge, 190a 
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Similarly, it is sufficient for the science of electro>mechaiucs 
that the physical actions which underlie electromotive force, elec- 
tric current, magnetic iield and electric field are what may be 
called states of permanency ; thus, to say that a current of ten 
amperes flows through a wire is to specify a definite eflect of a 
definite condition or state of the wire, and it is the correlation 
between the definite condition and the definite effect that is im- 
portant rather than the details of the physical action which is 
taking place in the wire. In fact, the science of electro-meckanies 
owes its existence to the legitimacy and usefulness of the ideas of 
electromotive force, electric current, magnetic field and electric field, 
irrespective of the nature of the physical actions upon which these 
various things depend. 

The superficial character* of the science of simple mechanics and 
of the science of electro-mechanics may be further exemplified as 
follows : Let us consider, on the one hand, the idea of tensile 
strength. A piece of steel is broken by a tension of 1 20,000 
pounds per square inch, but the exact character of the action 
which takes place in the steel and which constitutes the tendon 
of the steel, and the exact character of the physical action which 
takes place in the engine or motor which operates the testing 
machine and subjects the rod of steel to tension are not matters 
for consideration. Indeed, nothing at all is known fundamentally 
as to the physical action which constitutes the tension of a bar of 
steel. Let us consider, on the other hand, the idea of dielectric 
strength. A plate of glass is broken down by an electric field of 
95,000 volts per centimeter, but the exact nature of the stress 
which constitutes the electric field and the exact character of the 

* Wbat has been said above concemiDg the scope of mechiDics uaj be exemplified 
u fbltoiTS : Simple mechanics to coDcemed with the correlalion of meuarable eflects, 
such as the relaliooship between the Uie of a beam and (he load it can cairy, the siie 
of a fty-wheel and the work it can do when it is slopped, the thickcesi and diameter 
of a boiler shell and the pressure which It can withstand, the site of a snbmei^ed body 
and the buoyant force which acts upon it, the nse and shape of ao air column and its 
DDinber of vibrations per second, and so on. It is evident that such relations as these 
do not involve any consideration of the intimate nature of the physical actions which 
aie taking place. 
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physical action which enables a voltaic cell or dynamo to exert 
the required electromotive force are not matters (or consideration, 
although, as a matter of fact, much more is known concerning 
the nature of electric field than is known concerning the nature 
of mechanical stresses in substances like steel. 

The science of mechanics, as stated above, deals with those 
phenomena which depend upon the mutual actions of bodies in 
bulk. The phenomena of chemical action and those physical 
phenomena which have to do with the minute details of physical 
processes, however, have been studied heretofore almost solely 
on the basis of the atomic theory. Thus, nearly the whole of 
chemistry is based on the atomic theory ; the kinetic theory of 
gases is a branch of the atomic theory; the theory of crystal for- 
mation is a branch of the atomic theoiy ; the study of the phe- 
nomena of electrolysis is a branch of the atomic theory ; and the 
study of the phenomena of the discharge of electricity through 
gases is a branch of the atomic theory. 

126. Electrons and Ions. — The loss of electrid^ from a 
chained body has long been known to be due in part to a leak- 
age of the electricity through the surrounding air and in part to 
a leakage of the electricity through the insulating supports of the 
chatted body. That is to say, the air conducts electricity to 
some extent The electrical conductivity of the air is ordinarily 
extremely small, but there are a number of influences which 
cause the air (or any gas) to become a fairly good electrical con- 
ductor. Thus, a gas becomes a fairly good conductor when its 
temperature is raised above a certain point ; gas which is drawn 
from the neighborhood of a flame or electric arc, or from the 
neighborhood of glowing metal or carbon, is a fairly good con- 
ductor ; gas which has been drawn from a region through which 
an electric discharge has recently passed is a fairly good conduc- 
tor ; and the passage, through a gas, of ultra-violet light, of 
Roentgen rays, or of the radiations from radio-active substances, 
causes the gas to become a fairly good conductor. The conduc- 
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tivity which is imparted to a gas by these various agencies may 
be destroyed by filtering the gas through glass-wool or by plac- 
ing the gas for a few moments between electrically charged metal 
plates. This effect of filtration seems to show that the conduc- 
tivity of a gas is due to something which is mixed with the gas, 
and the effect of the electric field (between two charged plates) 
shows that this something is charged with electricity and moves 
under the action of the field. " We are thus led to the conclu- 
sion that the conductivity of a gas is due to electrified particles 
mixed up with the gas, some positive, some n^ative. We shall 
call these electrified particles ions and the process by which a gas 
is made into a conductor we shall call the process of umizaHon."* 

The electron^ is a negatively charged particle of which the 
mass is about j-Ju of the mass of a hydrogen atom. Thus, the 
cathode rays consist of electrons which are thrown off from the 
cathode of the Crookes' tube at high velocity, the ^S-rays from a 
radio-active substance such as uranium are electrons which are 
expelled from the atoms of the substance at high velocity. 

A simple ion ts an atom of a gas from which a negatively 
chained electron has been detached, leaving the remainder of the 
atom positively charged. Thus, the canal rays in a Crookes' 
tube consist of simple ions positively charged, and the a-rays 
which are given off by a radio-active substance such as uranium 
consist of simple ions positively charged. A compound ion con- 
sists of a negatively charged electron or a positively charged 
simple ion to which one or more neutral atoms cling, thus form- 
ing a charged atomic aggregate. 

Ionization by tkt electric field. — According to the kinetic 
theory of gases, a molecule of a gas travels on the average a 
certain distance between successive collisions with neighboring 
molecules. This distance is called the mean free path of the 
molecule. The mean free path of an electron in a gas is about 
41/2! times as great as the mean free path of a molecule of the 

•See J. J. Thomson, Conduelitm of EUctrUily Hiraagh Gasti, page II, 

t Called ft earfnadt hj J. J. Thonuon 

% AccMding to tlie kinetic theory. 
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gas, because of the veiy small size and great velocity of the 
electron, whereas the mean free path of a ^mple or compound 
ion is equal to or even less than the mean free path of a molecule 
of the gas. When a gas is subjected to an electric field by 
being placed between two oppositely charged metal plates, a 
certain amount of energy is imparted by the electric field to the 
electrons between successive collisions, and a much smaller 
amount of energy is impartsd to the simple or compoimd ions 
between successive collisions (because of their shorter mean free 
path). If the enei^ imparted to an electron between successive 
collisions exceeds a certain value, the electron is able to ionize 
the atoms of the gas when it collides with them, produdng at 
each collision a new electron and a simple ion. Similarly, if 
the energy imparted to an ion between successive collisions ex- 
ceeds a certain value, the ion is able to ionize the atoms of the 
gas when it collides with them, produdng at each collision a 
new ion and an electron. Thus, the electron must fall freely 
through a certain difference of potential (about 30 volts) in order 
to receive enough energy to ionize air molecules, and a positive 
ion must fall freely through a certain difference of potential (about 
440 volts) in order to receive enough energy to ionize air molecules. 

127. The electric spark in a gas. — When a gas is subjected to 
an electric field of which the intensity is sufficient to cause 60/k * 
the electrons and the positive ions to ionize the gas, an extremely 
rapid increase in the number of electrons and ions takes place, 
and the result is the production of an electric spark. The mean 
free path of the positive ions in a gas is inversely proportional to 
the pressure of the gas so that the electric strength of a gas 

*When the inteimlj of no electric field is luflicient to cause onlj' the electroos to 
ioniie the gas, theo all of the electrons which are present m the gas flodi tovutb Ibe 
podtive electrode fonning new ions and new electrons on Ihe way, and when tbe; 
Kadi the postive electrode the action ceases except for the occasional ibnnation tit 
an «lectroD by outside influences. When the electric fleld is sufficientl]> intense to 
canie electrons and positive ions both to produce ionization, then new ions end elec- 
trons are formed everywhere between the electrodes and the number of free ions ntd 
electrons increaiea indefinitely. It is a well-known fact that an electric field moit 
continue to act for an appreciable time before a iparii is prodnced. 
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should be approximately proportional to the pressure. This is, 
in fact, the case. Thus, the dielectric strength of air at normal 
atmospheric pressure is about 20,000 volts per centimeter, at a 
pressure of 10 atmospheres the strength is about 200,000 volts 
per centimeter, and at a pressure of o. I atmosphere, the dielectric 
strength is about 2,000 volts per centimeter. The dielectric 
strength of air reaches a minimum, however, at a pressure of 
about 2 millimeters of mercury and increases when the pressure 
falls below this value. An electromotive force, sufficient to pro- 
duce a spark J of an inch long in air at atmospheric pressure, 
will produce a dischai^e through 18 or 20 inches of air at 2 
millimeters pressure. 

The idea of dielectric strength is based on the assumption that 
the electromotive force required to produce a discharge is propor- 
tional to the length of the spark, so that the quotient, volts divided 
by spark length, may be a constant. This is only approximately 
true in gases under moderate or high pressure, and when the 
pressure is very low a greater electromotive force is required to 
strike across a short gap than is required to strike across a long 
gap. This curious behavior of gas at low pressure is illustrated 
by a famous experiment due to Hittorf. Two electrodes were 
sealed into the walls of 
two glass bulbs and the 
tips of the electrodes were 
one millimeter apart, as 
shown in Fig, 158. The 
two bulbs were connected 
together by a spiral tube 
375 centimeters long, and, 
when the pressure of the 
gas in the bulbs was re- 
duced to a very low value, the discharge took place through 
the long tube and not across the one millimeter gap space be- 
tween the points of the electrodes.* 

"This bebBiioc of ■ gas at low pressure is liillf eiplained by the atomic theory. 
See J. J. Tbomson'* Conductien a/ Electricily Through Casts, pages 430-537. 
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128. The Geissler tube and the Crookes tube. — The discharge 
of electricity through gases at low pressures is usually studied by 
means of a glass bulb through the walls of which are sealed 
platinum wires which terminate in metal plates called eUctrodts. 
The current enters at one electrode, the anode, and passes out at 
the other electrode, the cathode. This bulb, which is called a 
vacuum tube, is filled with the gas to be studied and the pressure 
is reduced to any desired value by exhausting the tube by means 
of an air pump. 

Before exhaustion the discharge through the tube is in the form 
of a sharply-defined spark similar to the spark in the open air. 
When the pressure of the gas in the bulb has been 
reduced to a few centimeters of mercury, the spark 
begins to be nebulous and a continued reduction of 
pressure causes the luminosity ultimately to fill the 
entire tube. When the pressure has been reduced 
to a few millimeters of mercury the discharge pre- 
sents the following features, as shown in Fig. 1 59. 
There is a thin layer of luminosity spread over the 
surface of the cathode C, and beyond this there 
is a comparatively dark space D called the Crookes 
dark space, the width of which depends upon the 
pressure of the gas, increasing as the pressure of 
the gas diminishes. This Crookes dark space ex- 
tends to a boundary which is approximately a sur- 
face traced out by lines of constant length drawn 
normally to the surface of the cathode. Beyond 
the Crookes dark space is a luminous region A' 
^' called the negative glow, and beyond the negative 

glow is another comparatively dark region F which is called the 
Faraday dark space. Beyond the Faraday dark space is a lumi- 
nous column P extending to the anode A and called the posi- 
tive column. This positive column usually exhibits alternations 
of bright and dark spaces which are called striations. The effects 
here described arc exhibited at their best in a vacuum tube in 
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which the pressure has been reduced to a few millimeters of 
mercury. Such a vacuum tube is called a Geissler tube. When 
the exhaustion of the vacuum tube is carried further, the dark 
space which surrounds the cathode (the Crookes dark space) ex- 
pands until it fills the entire tube. The glass walls of the tube 
then show a yellowish-green or blue luminescence (according as 
the tube is made of soda glass or lead glass) and a slight nega- 
tive glow may remain in portions of the tube remote from the 
cathode. These effects, which were first studied by Crookes in 
England and by Plucker and Hittorf in Germany, are exhibited 
at their best in a vacuum tube in which the pressure has been 
reduced to a few thousandths of a millimeter of mercury. Such 
a vacuum tube is called a Crookes tube. 

129. Cathode rays and canal rajs. — In order that a steady dis- 
charge may flow through a vacuum tube, it is necessary that the 
electric field intensity reach a value suflicient to impart to the 
posidve ions enough energy between collisions to enable them to 
ionize the gas, because if the electrons (negative ions), only, pro- 
duce ionization, the discharge through the tube ceases very soon 
after all of the negative ions have moved across to the neighbor- 
hood of the anode. In fact, ionization by positi've ions must take 
place in the neighborhood of the cathode,* and it is this necessity 
which gives rise to the Crookes dark space. The action which 
takes place in the Crookes dark space is as follows : Electrons 
(negative ions) are thrown oil" from the cathode at very high 
velocity by the intense electric field in the Crookes dark space, 
very energetic ionization takes place in the negative glow N, 
Fig, 1 59, and the positive ions that are produced in this region 
attain sufficient velocity in traveling towards the cathode to enable 
them to ionize the gas in the immediate neighborhood of the 
cathode. That is, ionization by positive ions takes place in the 
faint glow which covers the cathode. The mutual dependence 
of the ionization which takes place in the negative glow and the 

* A deUiled discussion of this matler may be found in J. ]. Tbonuoa'a CmJuctim 
t/MUelritUy Tltrimgh Gasrs, p«g«» 519-603. 
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ionization which takes place in the faint luminosity in the imme- 
diate neighborhood of the cathode is shown by placing a small 
obstacle in the Crookes dark space. This obstacle screens a 
portion of the cathode surface from bombardment by the positive 
ions which move from the negative glow towards the cathode so 
that in the region so shaded ionization does not take place. In 
the same way the obstacle also screens a certain portion of the 
negative glow from bombardment by the electrons which are 
thrown from the cathode and this portion of the negative glow 
ceases to exist because ionization is no longer produced there. 
That is to say, the obstacle casts a shadow on the cathode and it 
also casts a shadow into the negative glow. 

The electric field intensity in the Crookes dark space, being 
necessarily sufHcient to enable the positive ions to produce 
ionization at the surface of the cathode, is able to impart very 
much greater velocity to the electrons than is necessary to enable 
them to produce ionization. The result is that the electrons 
which are thrown off from the cathode travel in straight lines 
through a long portion of the tube. These high velocity elec- 
trons constitute what are called cathode rays. The cathode rays 
are feintly visible throughout the tube because of occasional col- 
lisions with the molecules 
of the gas. 

When the cathode has 
a small hole through it, 
the positive ions which 
move towards the cathode 
from the negative glow 
pass through this hole in 
the form of a stream of 
rays which is made visible 
by the luminosity which accompanies the collisions of the po^- 
tive ions with the molecules of the gas. Such a stream of posi- 
tive ions constitutes what has been called the canal rays. - 

An object of any kind placed in the Crookes tube casts a 
sharp shadow upon the wall of the tube, as shown in F^. i6o. 
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The wall of the tube shows a brilliant luminescence everywhere 
except where it is screened by the obstacle from bombardment 
by the cathode rays. 

Magnetic deflection of cathode rays and canal rays. — A mov- 
ing chained body is equivalent to an electric current, and when a 
charged body moves across a magnetic field the magnetic field 
pushes 'Sidewise upon the charged body and causes the chained 
body to describe a curved path. The magnetic deflection of the 
cathode rays is easily shown by placing a horse-shoe magnet 
with its poles placed on opposite sides of the tube shown in Fig. 
160. The shadow of the cross is thrown up or down according 
to the arrangement of the magnet. The magnetic deflection of 
the canal rays is very slight ; a very strong magnetic field is 
necessary to produce a perceptible deflection. The direction of 
the magnetic deflection of the cathode rays shows that these rays 
are n^atively charged particles, and the direction of the mag- 
netic deflection of the canal rays shows that these rays are posi- 
tively charged particles. The magnitude of the deflection of the 
cathode rays shows that the mass of the cathode particles (elec- 
trons) is very small and that their velocity is very great. The 
magnitude of the deflection of the canal rays shows that the 
mass of the canal ray particles is relatively great and that their 
velocity is less than the velocity of the cathode rays. This mat- 
ter is explained in detail in Art. 135. 

An object upon which the cathode rays * impinge is heated, it 
may be, to a very high temperature. Many substances, however, 
emit light (without being made perceptibly hot) when subjected 
to bombardment by the cathode rays. Such substances are said 
to be luminescent. For example, lead sulphate emits a deep 
violet light, zinc sulphate emits white light, magnesium sulphate, 
with a slight admixture of manganese sulphate, emits a deep red 
light under the action of cathode rays. 

*The cathode rays prodace effects vhicli are practically impotCant and which on 
be easily observed. The effects of the canal rays, however, are so slight as lo be 
scarcely perceptible eveD under the m 
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The cathode rays pass quite readily through thin metal plates 
especially through thin plates of aluminum. By using a Cnx)kes 
tube of which a portion of the wall is made of thin sheet aluminum, 
the cathode rays may be made to pass through into the outside 
air. The properties of cathode rays in the air were first studied 
by I-enard who found that they produce a very high d^ree of 
ionization of the air making it a fairly good electrical conductor. 
Lenard found the cathode rays capable of traversing from lO to 
20 centimeters of air at atmospheric pressure, he found them 
capable of exciting luminescence, and he found them capable of 
affecting a sensitive photographic plate. 

130. The Roeatgen rays. — Objects upon which the cathode 
rays impinge, not only become heated and luminescent as de- 
scribed above, but they emit a type of radiant energy which was 
discovered by Roentgen in 1894. Roentgen rays are of the same 
physical nature as light rays, that is, they consist of waves in the 
ether, and they are related to light waves very much as a sharp 
" razor " wave on the surface of water would be related to a long 
ocean swell, as shown in Fig. 161. Helmholtz pointed out in 




Fie. 161. 



1891 that abrupt wave pulses of this kind in the ether would have 
certain properties, the properties, in fact, which are exhibited by 
Roentgen rays, as follows : These rays are not reflected in a reg- 
ular way by the surface of a mirror, and they are not refracted by 
a lens. They pass through all substances, subject to a certain 
amount of absorption which is greater the greater the density of 
the substance, and subject to a certain amount of diffused scatter- 
ing. The Roentgen rays aflect an ordinary photographic plate 
and they have a powerful ionizing ef!ect on gases, 

Tke fluoroscope. — Many substances such as barium platinocy- 
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aiiide and calcium tungstate become luminescent under the action 
of Roentgen rays. This efTect is utilized in the fluoroscope which 
consists of a cardboard screen covered with a layer of barium 
platinocyanide. When the Roentgen ray shadow of an object, 
such as the hand, falls on this screen the shadow becomes visible ; 
where the Roentgen rays have been greatly reduced in intensity 
by the bones of the hand the screen remains dark, where the 
Roentgen rays have been slightly reduced in intensity by the 
flesh the screen is moderately luminous, and where the rays have 
not been reduced at all in intensity the screen is highly luminous. 
The Roentgen ray shadow of an object may be rendered visible 
by allowing it to fall upon a photographic plate which is after- 
wards developed like an ordinary photographic negative. Thus, 
Fig. 162* is a reproduction of a shadow photograph of a wrist. 
The focusing tube. — In order that a shadow may be sharply 
defined the radiation which produces the shadow must emanate 
from a very small source. Figure 163 shows a Crookes tube 



with 3 concave cathode c from which the cathode rays converge 
and strike a small spot on a platinum plate p. This small spot is 
the source of the Roentgen rays. Such a Crookes tube is called 
a focusing tube, and, by the use of such a tube, very sharply 

•From ■ negative by Dr. E. W. Caldwell, Preadent (1908) of the Americaa 
Roentgen Ray Sodety. 
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defined Roentgen ray shadows may be produced. The platinum 
plate p is usually connected as shown to the aluminum anode a. 
An interesting feature of the Crookes tube, which is shown in Fig. 
163, is the small platinum tube t which is sealed through the 
glass wall. When the vacuum in the Crookes tube becomes too 
high (presumably by the transformation of the residual gases into 
non-volatile products), the small tube / is held for a few seconds 
in the flame of an alcohol lamp and a sufHdent amount of hydro- 
gen passes through the hot platinum to replenish the supply of 
gas in the Crookes tube. 

131. Conductivity of hot gases and flames. — A hot gas is a 
fairly good electrical conductor and this conductivity has been 
found to be due to the presence of free ions.* The conductivity 
of a hot gas or ilame is shown by the fact that a charged glass 
rod may be completely discharged by passing the flame of a Bun- 
sen burner rapidly over its surface. 

132. The electric arc — In order to produce a perceptible dis- 
chai^e of electricity (flow of current) through a gas, a very high 
electromotive force must be used because of the necessity of pro- 
ducing ionization in the gas by the collision of the moving ions 
with the gas molecules ; and the amount of current which can be 
made to flow through a gas is usually very small because of the 
comparatively small number of these ions. When, however, metal 
or carbon electrodes are heated to a very high temperature 
they emit electrons (negative ions) in great numbers f and a 
very considerable current may then be made to flow through the 
intervening gas. Thus, a current of an ampere or more may 
be made to flow between a cold metal anode and a very kot metal 
cathode in a vacuum tube. When two carbon rods are connected 
to a battery or dynamo, brought into contact and then separated, ' 
the current which begins to flow across the indefinitely small gap 
between the two carbon rods raises the tips of the carbons to a 

"See J. J, Thomson's CaiiducHon of EUctricily Through Gusts, pp. 338-X49. 
ySee J. J. ThomsoD's C<mdiutiim of EUclricily Through Gases, pp. 18S-337, 
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very high temperature so that electrons (negative ions) arc emitted 
in great numbers. The result is that the current continues to 
flow between the carbon tips. The column of hot vapor between 
the carbon tips is called an electric 
arc, and the intense heating of the 
two carbon tips is due to their bom- 
bardment by the ions which move 
across the arc and carry the electric 
current. The electric arc may be 
easily maintained between a hot neg- 
ative carbon (cathode) and a rapidly 
rotating disk (a cold anode), but not 
between a cold cathode and a hot 
anode. This shows that the emis- 
sion of n^ative ions (electrons) by 
the hot carbon is essential to the 
formation of the electric arc. The 
appearance of the arc between car- 
bon electrodes is shown in Fig. 
164- * 

183. Chemical effect of the dis- '^""' 

charge through gases. — The discharge of electricity through 
gases is accomplished by the ionization of the gas as above ex- 
plained. This ionization means not only the breaking down of 
the molecules of a compound gas but also the separation of elec- 
trons from the individual atoms of the constituents of the com- 
pound gas. The ionization of mixed gases promotes chemical 
combination. Thus, the nitrogen and oxygen of the air combine 
slowly under the action of the electric spark. 

When oxygen (or air) is ionized, the recombination of the 
oxygen ions results in the production of ozone. Thus the 

*Tlie properties of the electric arc are disctlS5«d in great detail in a paper by C 
P. StelnEoeti, 7Va«i. International Elictrical Cengrtts, Vol. II, pages 710-730, St. 
Louis, 1904 1 in ■ paper b; W. R. Whitney, Trans. Amtritan Electrtikemical 
Society, Vol. 7, pages 391-299, 1905 ; and in J. J. ThomsoD's Canducthn of Eltc- 
tricity Tirough Casei, pages 604-630. 
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peculiar odor which is given off by a Toepler-Holtz machine or a 
Wimshurst machine is due to the ozone which is formed. The 
action which takes place in the formation of ozone from oxygen 
is as follows : Ordinary oxygen is bi-atomic, that is, it contains 
two atoms of oxygen in the molecule. Ionization causes the dis- 
integration of these bi-atomic molecules forming mono-atomic 
oxygen, and this mono-atomic oxygen recombines forming a 
lai^e proportion of bi-atomic oxygen again and a small propor- 
tion of tri-atomic oxygen, or ozone. In the production of ozone 
for commercial purposes a blast of air is driven between two 
metal plates which are connected to a high voltage alternator. 
The repeated reversals of the high electromotive force between 
the plates ionizes the intervening air repeatedly, and the recom- 
bination of the ions is accompanied by the formation of a certain 
percentage of ozone, as above explained. In order to produce a 
high degree of ionization throughout the entire region between 
the two metal plates, it is necessary to place a thin plate of glass 
between the metal plates so as to prevent the formation of a 
single spark from plate to plate. The effect of this glass plate is 
to cause a fine brush discharge to take place throughout the 
entire region. Without the glass plate a single brilliant spark 
passes through the air. With the glass plate, a difliised violet 
luminosity is produced throughout the region between the metal 
plates. 

134. Radio-activity.* — The chemical elements uranium, tho- 
rium, and radium and their compounds have the property of 
making a surrounding gas an electrical conductor. Thus, one 
ten-millionth of a gram of radium bromide which is left as a 
residue upon a metal plate by evaporating a small quantity of a 
dilute solution of radium bromide on the plate, causes a gold 
leaf electroscope to be discharged in a few seconds when the 

*The student is referred to the foIIoviQg books (or * (iill dUciusioo of ndio- 
■Ctivit; : Radieactivily, by E. Rutherford, Cambridge, 1905 (jecond edition); 
Radioactivity, by Frederict Soddy, London, 1904 \ and Radioactioi Trans/anHu- 
tieiu, by E. Rolherford, New York, 1906. 
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radium-covered plate is held near to the metal plate of the elec- 
troscc^. Uranium and thorium have the same effect but the 
discharge which they produce is not so rapid unless a large 
quantity of material is employed. - This property of these metals 
and of their compounds is called radio-activity, a name which 
originated because of the peculiar radiations which are given off 
by radio-active substances and to which the discharging action is 
due. These radiations are of three distinct kinds, which are 
called the a-rays, the j8-rays, and the 7-rays, respectively. The 
7-rays penetrate through a foot or more of solid metal or through 
many feet of air ; the ^-rays penetrate through a moderate thick- 
ness of a light metal, such as aluminum ; whereas the x-rays are 
stopped by a very thin layer of aluminum or by a layer of air 
two or three inches in thickness. 

The a-rays consist of positive ions each about twice as massive 
as a hydrogen atom. These ions are projected from the radio- 
active substance at a velocity of about 20,000 miles per second, 
and each of them ionizes about 100,000 air molecules before it is 
brought to rest by repeated collision. After traveling two or 
three inches through the air, the velocity of these ct-particles is 
reduced to so low a value as to render them no longer perceptible 
by their ionizing effects. 

The )S-rays consist of electrons (negative ions) each abotit -^^ 
as massive as a hydrogen atom. These electrons are projected 
from the radio-active substance at a velocity which in some cases 
is nearly as great as the velocity of light (186,000 miles per 
second). The jS-particles also have the property of ionizing 
the gas through which they pass but not to so great an extent 
as the a-particles, and they travel several feet through the air 
before their velocity is reduced to so low a value as to render 
them no longer perceptible by their ionizing effects. 

The 7-rays are extremely abrupt waves in the ether essentially 
the same in character as Roentgen rays, but much more penetrat- 
ing than ordinary Roentgen rays. The 7-rays also have the 
property of ionizing a gas. 
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The a-Tays and the /9-rays are deflected by the magnetic field 
and by the electric field. The direction of the deflection of the 
a-rays is in each case opposite to the direction of deflection of the 
j8-rays, and therefore it is known that the a-particles are positively 
charged and that the ^-particles are negatively charged. The 
7-rays are not deflected by a magnetic field or by an electric 
field. 

The present hypothesis regarding radio-activity is that the atoms 
of all substances are complex systems of excessively small paiticles 
called electrons, the atom of each element being a characteristic 
self-contained group or system of electrons in very violent orbital 
motion. These systems of electrons (atoms) are supposed to be 
to some extent unstable, and when instability occurs, the system 
(atom) collapses into a new configuration and at the same time 
expels one or more positively or negatively charged electrons or 
groups of electrons which constitute the a-rays and the /S-rays. 
According to this hypothesis the Y-rays consist of abrupt ether 
waves which are produced by the sudden collapse of the atomic 
structure when instability occurs.* 

A clear representation of the nature of a-, j9-, and 7-rays is 
shown in Fig. 165. Imagine an atom of the radio-active material 
to collapse at a given instant sending out a 7-wave, an a-particle, 
and a ^-particle. The relative positions reached by the 7-wave, 
the a-particle, and the ^-particle at a given instant are shown in 
the figure. The a-particle is a large positively charged particle 
and the )3-particle is a small negatively charged particle. 

135. Determinatiott of velocity and mass of the particles which 
constitute canal rays (or a-rays) and cathode rays (or j9-»ys). — 
A narrow stream of rays from a radio-active substance may be 

•A very instructive discussion of the eleclron Iheory is given by Sir Oliver Lodge 
in a book enlilled Eleclrem, published by Geo. Bell & Sons, London, 1906. The 
method of measuring the degree of radio -activity of a radio-active sabstance Is explained 
in Franklin, Crawford and MacNutl's Practical Physiis, Vol. a, pages 148-153. 
An example of the study ofa ladio-active transformation, that is, of the change vhich 
takes place in Ihe radio-active substance, as a result of its radio-activity, is given in 
Franklio, Crawford and MecNott's PracHcal Pkyiics, Vol. 3, pages 154 and 155. 
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obtained by the arrangement shown in Fig, l66 in which AB is 
a sensitive photographic plate upon which the narrow stream of 




rays impinges. Figure 167 shows the effect of an electrical field 
upon a thin stream of rays from a radio-active substance. The 
direction of the electric field is shown by the fine horizontal arrows 




S«rtiw» 



(the lines of force of the electric field pass from the positively 
chained plate to the negatively charged plate). The efiect of the 
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electrical field is to deflect the a-particles in the direction of tbc 
fleld and the /3-particles in the opposite direction, while the f-iays 
are not aflected at all. The amount of deflection in each case may 

^ ^tob>gnQ>kk: plate B 




.atbit 



a-p«rticles deftectcd lowards the reader, 
^■particles deflected awaf from the reader. 
}'-«>ves not deflected at alL 

be determined by developing the phot<^raphic plate upon which 
the rays impinge. The effect of the magnetic field upon the rays 
from a radio-active substance is shown in Fig. 168 in which the 
fine horizontal lines represent the lines of force of a magnetic field 
between the two lai^e magnet poles. 

The determination of the velocity of the a- and )3-particles 
is somewhat analogous to the following method for determining 




the velocity of a cannon ball. The curved line in Fig. 169 
represents the orbit of a cannon ball, D being the horizontal 
distance traveled by the ball in a given time and d being the 
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vertical distance fallen by the ball under the action of gravity. 
IC D is known and d observed, then the velocity of the cannon 
ball is given by the equation 



»>- 



2J 



CO 



in which £■ is the acceleration of gravity. 

Action ef the electric^ field on a moving charged parHcU. — 
Consider a charged particle moving upwards through an elec- 
trical field as shown in Fig. 170. Let q be the charge on the 




MBgnetic field perpendicular lo pluw of paper. 



particle in abcoulombs and e the intensity of the electrical field 
in abvolts per centimeter. Then the force F in dynes pulling 
on the particle is equal to qe, so that the acceleration of the 
particle in the direction of ^ is qelm. It is evident that the 
particle moves in the same sort of an orbit as a cannon ball, and 
that the acceleration qelm corresponds to the acceleration of 
gravity g in the case of a cannon ball. Therefore, using qelm 
for g in equation (i), we have 

r^qe 



v"- 



2dm 

El 

' 2di^ 



("■) 



(iii) 
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Action (f the magnetic field on a moving charged particU. — 
Figure 1 7 1 represents a charged particle moving upwards through 
a magnetic field, the lines of force of which are perpendicular to 
the plane of the figure. The moving particle is equivalent to an 
electric current, and the side force F is equal to qvh where q 
is the chaise on the particle in abcoulombs, v is its velocity in 
centimeters per second, and k is the intensity of the magnetic 
field in gausses. Therefore the acceleration of the particle in the 
direction of F is qvhjm. The force F is continuously at right 
angles to f so that the particle describes a circular orbit But 
the acceleration of a particle moving in a circular orbit is ^Jr, 
and the relation between the radius of the drcle r, the semi- 
chord D, and the versed sine d is 

E. 
^~ 2d 



Therefore we have 



qvh 2di^ 



m hD" 

Determination of velocity of particles. — Reduced to the simplest 
terms, the method of determining velocity may be described as 
follows : An electrical field e in the plane of the paper. Fig. 
170, and a magnetic field h at right angles to the plane of the 
paper in Fig. 170 are adjusted so that together they produce no 
deflection of the particles which are being studied. When this 
condition is realized, the force qe with which the electrical field 
acts on the moving particles is equal and opposite to the force 
gvh with which the magnetic field acts on the moving particles, 
so that, disregarding sign, we have 



qe= qvh 



(V) 
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that is to say, the velocity of the particles is equal to the ratio 
of the electric field intensity e in abvolts per centimeter to the 
magnetic field intensity k in gausses, on the condition that the 
combined action of the fields produces no deflection of the mov- 
ing particles. 

"Electrochemical equivalent" of a- and ^-particles. — Ac- 
cording to the dissociation theory of electrolysis each atom of 
hydrogen, for example, in a dilute solution of sulphuric add is 
isolated and carries a definite amount of chaise, and the ratio 
(w/f) of the mass « of a hydrogen atom (ion) to the charge 
q upon it is equal to the electrochemical equivalent of hydrogen, 
or, in other words, to the number of grams of hydrogen which 
are liberated during the passage of one coulomb of electric charge 
through an electrolytic cell containing dilute sulphuric acid. The 
ratio {mjq) of the mass of a gas ion to the charge upon the ion 
is called the "electrochemical equivalent" of the gas ion. This 
ratio is determined by equation (lii) or (iv) when the electric or 
magnetic deflection of the particle has been observed and when 
the velocity of the particle is known. The value so determined 
is given in grams per abcoulomb and it is equal to 5.36 x io~* 
grams per abcoulomb for the ^-particles (electrons), from which 
it follows that the particles have a mass ^^^ as great as the mass 
of a hydrogen atom if the charge q is the same in both cases.* 

* In regard to the equality of charge on mono-valenl ions in electrolylea aod oa gas 
ions, »ee Oliver Lodge's Electrons, pages 77-90, where a simple account is given of 
the work which has been done bj J. J. ThomsoD in the detenninatioa of the value of 
i (or «). 
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CHAPTER IX. 
ELECTRIC OSCILLATIONS AND ELECTRIC WAVES. 

136. Uechanical conceptions of the magnetic and electric fields.* 

— The foregoing chapters are devoted to the discussion of the 
phenomenaofthe electric current and the phenomena exhibited by 
electrically charged bodies. The phenomena of electric oscilla- 
tions and especially the phenomena of electric waves have not 
as yet been touched upon. It is usual to treat these phenomena 
on the basis of the differential equations of the electro-magnetic 
field, but it is needless to say that this mode of treatment cannot 
be followed in an elementary text The most satisfactoTy ele- 
mentary treatment of electric oscillations and electric waves is to 
develop the mechanical conceptions of the magnetic and electric 
fields and thus arrive at a rational insight into electro-magnetic 
phenomena. This method is followed in this chapter. 

Maxwell was the first to work out mechanical conceptions of 
magnetic and electric fields, and Maxwell's conceptions are used 
in the present chapter f although certain inconsistencies arise in 
the attempt to extend these conceptions to three dimensions. 

" Sit Oliver Lodge's Modim Stem! of El/clricity ii perhaps the best elemeDtuy 
treatise on this subject. This book is now (1908) being rewritteo. 

fThe most complete mechanical conception of the electro-magnetic field b that 
which is based upon Lord Kelvin's gyrostBtic model of the ether. This gyicsUtic 
model of the ether is a mechanical stracturc which is capable of reproducing moat of 
thelinown phenomena of electricity and nlagnetism and of ligbL See jElker and 
Matter, by Joseph Larmor, Appendii E, Cambridge, 190a Lord Kelvin's gyrostatic 
model of the ether has led lo a hydrodynamic conception of the ether, due chiefly lo 
Laimor, in which the ether is assumed to be a perfect fluid which is endowed with 
th« necessary elastic properties by an indefinitely fine grained whirling mo^on. On 
the basis of Lord Kelvin's gyrostalic conception of the ether end also on (be baus of 
Lannor's turbolenl elher, (he magnetic field is thought to consist of a simple flow of 
the ether along the lines of force of the magnetic lield. This conception of the 
magnetic field is very different from the conception which is outlined in this text and 
which is based upon Maawcll's conception of the ether. 
24a 
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137. Kazwell's mechanical model of the ether. — The ether is 
to be considered as built up of very small cells of two kinds, posi- 
tive and negative, in such a way that only unlike cells are in 
contact These cells are imagined to be gear wheels provided 
with rubber-like teeth, as shown in Fig. 
172, so that if a cell be turned while the 
adjacent cells are kept stationary, then a 
torque due to elastic distortion of the gear 
teeth is brought to bear upon the turned 
cell. In subsequent figures, these cells or 
cog-wheels are represented by plain circles 
for the sake of simplicity. 

Conception of the magnetic field. — ^The 
ether cells at a point in the magnetic field are thought of as ro- 
tating about axes which are parallel to the direction of the field 
at the point, the angular velocity of the cells being proportional 
to the intensity of the field. The positive cells rotate in the di- 
rection in which a right-handed screw would be turned that it 
might move in the direction of the field, 
^+^ (-1 © ^""^ ''*^ negative cells rotate in the oppo- 

^ ^ site direction. This opposite rotation of 

(X\ (a f^ positive and negative cells is mechanic- 

^\ O ally possible since only unlike cells are 

^) (- , \^ geared together. This rotatory motion 

Q, Q ^i of the ether cells is shown in Fig. 173, 
which represents a magnetic field perpen- 
dicular to the plane of the paper and 
directed away from the reader ; all the positive cells are rotating 
clockwise and all the negative cells are rotating counter-clock- 
wise. The energy of the magnetic field (see Art. 44) is repre- 
sented by the kinetic energy of rotation of the ether cells. 

Conception of the electric field. — The positive ether cells at a 
point in an electric field are thought of as being displaced in the 
direction of the field, while the negative cells are displaced in the 
opposite direction, and this displacement is assumed to be pro- 
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portional to the electric field intensity. Thus, Fig. 174 repre- 
sents the case in which the positive cells have been displaced 
towards the bottom of the page relatively to the negative cells as 
shown by the arrows, that is to say, the ^_^^ 

distortion of the ether structure in Fig. 1 74 C'O 

represents an electric / 

I 4 j I I J j field directed toward ^^ /'^\ 

^ \J VJ Figure 175 represents v'-J^ 



Figure 175 represents 
1 meshes of the cell- 



y^f 



\J \J VJ ular structure of the ^O^ /TS 

<^(:^C=0f^ ^*h"- These two Kj ^KJ 
N-^ Vw-/ \=J meshes are square in \L^ 

rb. 174. the undistorted ether. Re- 175. 

as shown in Fig. 173, whereas the downward displacement of 
the positive cells in Fig, 1 74 has distorted these meshes, as shown 
in Figs. 174 and 175. Inasmuch as the cell structure of the 
ether is assumed to be elastic (the gear teeth in Fig. 172 being 
made of a substance like rubber), the distortion of the ether 
structure which is shown in Fig. 174 represents potential enei^ 
and this enei^y is the energy of the electric field (see Art. 104). 
Nearly the whole of the following discussion is based upon the 
torque action which is exerted upon a given cell by the elastic 
distortion which is represented in Fig. 175. TTtis torque actionis 
the connecting link between the electric field and the magnetic field 
and a clear understanding 0/ it is of the utmost importance. Con- 
sider the two positive cells to the right of the middle cell in Fig. 
175. Inasmuch as these two positive cells have been displaced 
downwards with respect to the middle cell, they exert torques 
upon the middle cell as shown by the arrows c and d, and 
these torques are proportional to the intensity of the electric field, 
that is, to the downward displacements of the cells. The two 
positive cells to the left of the middle cell in Fig. 175 exert 
torques which are equal to c and d respectively, but opposite 
in direction. 
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138. The energy stream Is the electTomagnetlc field. — A 
region in which electric field and magnetic field co-exist may be 
called an electromagnetic field for the sake of brevity. It has 
been shown by J. H. Poynting * from theoretical considerations 
that encf^ streams through an electromagnetic field in a direction 
which is at right angles both to the electric field and to the mag- 
netic field at each point, and that the amount of energy per second 
which streams across one square centimeter of area is propor- 
tional to the product of the electric and magnetic field intensities. 
In case the electric and magnetic fields are not at right angles to 
each other, the energy stream is proportional to the product of 
the intensities of the two fields and the sine of the included angle. 

ConcepHoM of the energy stream. — Consider a row of gear 
wheels as shown in Fig. 176. Imagine the wheel W to be 



turned steadily by a crank, and the wheel W to be hindered 
by a brake. The result is that energy is continuously trans- 
mitted along the chain of gear wheels from W to W , any 
given gear of the chain is acted upon by equal and opposite 
torques by the gear wheels on each side of it, the transmission 
of energy by the chain depends upon this torque action combined 
with the motion of the wheels, and the rate at which energy is 
transmitted along the chain is proportional to the product of the 
speed of the wheels and the torque action between adjacent wheels. 

Imagine the ether cells in Fig. 174 to be rotating, positive cells 
in one direction, negative cells in the other, about axes perpen- 
dicular to the plane of the paper. This rotatory motion consti- 
tutes a magnetic field perpendicular to the plane of the paper and 
perpendicular to the electric field which is towards the bottom of 

•See Philosophical TransacHoHS, Vol. 175, Part II, page 343, 18S4. 
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the page. On account of the torque action between the cells, as 
explained in connection with Fig. 175, enei^y will be transferred 
to the right (or left) by each horizontal chain of geared cells at a 
rate which is proportional to the product of the intensity of the 
magnetic field and the intensity of the electric field ; and the energy 
per second flowing across an area (of which the normal is perpen- 
dicular to both electric field and magnetic field) is proportional to 
the product of the respective field intensities and proportional to 
the area, inasmuch as the area is proportional to the number of 
rows of cells which are acting as chains of gear wheels. There- 
fore the energy stream, that is, energy per unit area per second, 
is proportional to the product of magnetic and electric field inten- 
sities and it is at right angles to both. 

139. The electric corrent. — Consider a wire AB, Fig. 177, 

along which an electric current is flowing from B towards A. 

The magnetic field on oppo< 

site sides o{ AB is in opposite 

directions, so that the positive 

ether cells at p and ^ are 

rotating in opposite directions 
as shown. An electric cur- 
^(~s\ rent may be maintained for 

Si^ an indefinite length of time, 

Fig. 177. but the opposite rotation of 

positive ether cells on the two sides of AB, Fig. 177, cannot 
be accommodated by an ever-increasing ether distortion (distor- 
tion of the rubber-like teeth of the ether cells as shown in Fig. 
172), there must be a slip between adjacent cells somewhere be- 
tween/ and f/. This sUp between adjacent ether cells takes place 
in the material of the wire and constitutes an electric current 

Steady electric currents flow in closed circuits. — Let AB, V]%. 
178, be a wire * in which a steady electric current is flowing from 

"lung. 178, as inall lubsequent fie*"'cs> a f iVf is to be thought of u an >>r^- 
nittfy broad tarlal skefl, because the cellular oonceptioo of Ihe ether is not adapted to 

three d: 



v%- 
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B towards A. Consider the opposite rotation of like ether cells 
at p and /', and consider a chain of geared cells passing from 
/ to / around the end of AB, The current through AS 
may flow for an indefinite time and therefore the oi^x)site rota- 
tion of the positive ether cells 
at / and ff may continue in- 
definitely, but this continued 
opposite rotation at / and y 
cannot be accommodated by ' 
an ever-increasing distortion 
of the elastic gear teeth of 
the ether cells along the chain 
of geared cells which pass 

around the end of AB. A slip must take place between ad- 
jacent cells at some point along this chain. Therefore the line 
cf flow of the current AB {line of slip of gear ceils) must form a 
closed circuit which cuts across every possible chain of geared cells 
extending from p to p' . 

When a current flows along a path which does not form a closed 
circuit, then an increasing ether distortion (electric field) Is pro- 
duced around the end portions of the path as explained in Art. 
142. 

140. Flow of ene^y In the neighborhood of a wire carrying an 
electric cturent. [a) Simplest case, when no electric charge resides 
on the surface of the wire. — Let AB, Fig. 1 79, be a portion of a 
long wire through which an electric current is flowing. If there 
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is no electric charge on the surface of the wire, then the electric 
field in the neighborhood of the wire is parallel to the wire. The 
lines of force of the magnetic field, on the other hand, encircle the 
wire, and therefore the energy streams in towards the wire and on 
all sides, and is converted into heat in the wire. 

Let R be the resistance of the wire in abohms per centimeter 
of length, and let / be the current in the wire, in abamperes, 
then Rf is the intensity of the surrounding electric field * in 
abvolts per centimeter. According to Art. 55, the intensity of 
the magnetic field at a distance of r centimeters from the wire 
is 2//r gausses. The intensity of the energy stream (units rf 
energy per unit of area per second) at a distance of r centi- 
meters from the wire is proportional to the product of the elec- 
tric field and magnetic field intensities, and it may therefore be 
written ^x H/x 2fjr, where k is an unknown proportionality 
factor. Multiplying this expression for the intensity of the 
enei^y stream by the area of a cylindrical surface / centimeters 
in length and r centimeters in radius (co-axial with the wire), 
we have the total energy per second streaming in to / centi- 
meters ofthewire.andthismustbeequal to In. RP- Therefore, 
we have 

2vrl-Kki<.RIx — =/x/e/* 
whence 

k= — 

47r 

Therefore we have 

S-^Hf (77) 

in which 5 is the energy in ergs per second which streams 
across one square centimeter of area at right angles to a magnetic 
field of which the intensity is H gausses and at right angles to 
an electric field of which the intensity is f abvolts per centi- 
meter, H and / being at right angles to each other. 

*The iDteiis[t]r of that compooent of the electiic Geld which is pualld to the wire. 
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(i) General case, when electric charge resides on the surface of 
the wire. — The component (rf the electric field which is parallel 
to the surface of a wire is always equal to the RI drop per 
centimeter along the wire, but the component of the electric 
field at right angles to the surface of the wire may have any 
value whatever, and the electric lines of force which terminate on 
the surface of the wire on account of the existence of this normal 
component of electric field involve a stationary* electric chaise 
on the surface of the wire. An example of this general case is 
shown in Fig, 180. An electric generator G delivers current 




over two line wires f A and 5 to a distant lamp L. The 
electromotive force across from A io B involves the existence 
of an electric field the lines of force of which trend somewhat as 
shown by the full-line curves in the figure. The magnetic field 
between A and B is everywhere perpendicular to the plane of 
the paper and everywhere of the same intensity, so that the 
enei^ stream lines are a series of lines which are everywhere at 
right angles to the electric lines of force. The electric lines of 
force where they touch A and B are slightly inclined to the 

*The electric current miy be comidered to be > transfer of electric chni^ 
■long (he wire but tbe charge here referred to has Dothing directly to do with the 
current. When > Toltaic cell is on open circuit, the electric field in the surrounding 
region may be such that the toIU per centimeter along ■ giren path may vary in the 
most irregular way ; but when this path is occupied by a wire through which the 
voltaic cell produces a current, then the electric field is modilied by the chai^ on 
the snrbce of the wire a> as to make the component of the electric field panllel to 
the wire everywhere equal I0 the HI drop per centimeter along the wire. 

-f In order that Pig. 180 may be a complete tepresentalion, A and B must be 
vuppoted (o be broad metal band*. 
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surfaces of A and B as shown in the figure, the degree of in- 
clination depending upon the RI drop along A and B. 
Thcrdbre the energy streams out from the generator through 
the whole of the region between A and B, and, although the 
energy stream turns in slightly on each line wire, the main por- 
tion of the enei^ convei^es on the distant lamp L, as shown 
by the dotted lines in Fig. i8o. No attempt is made in Fig. 
I So to represent the electric field distribution in the ne^hbor- 
hood of the generator. 

141. The cbaige on a condenser and its disappearance vtien the 
condenser plates are connected by a vire. — Consider a closed 
chain of gear wheels AB, Fig. l8l. If the gears are allowed 
to slip at any point i, 
the gear f being held 
stationary and the 
gear e being turned 
in the direction of the 
arrow, then the chain 
of gears will be dis- 
torted as shown in 
Fig. 182. Conversely, 
a chain of geared 
wheels which by elas- 
tic action tend to stand 
in a smooth row,* 
will be relieved from 
such a zigzag distor- 
tion as is shown in 

Fir. 162, r- o i_ 

Fig, J 82 by penmt- 
ting the gears to slip at any point, .r and the potential energy 
stored in the distorted chain will be geared towards s from both 
sides. 

*TTie chains of poutive and n^atiie ether cells are thought of >s standing In rif- 
lag rows when undistorted, as ihowD by the horizontal rowa in Fig. 173. Hoe- 
after the chaim of ether cells are to be thought of as straight (or nDironuI; coned) 
when free from distortion, io order that the diagimms maj be simpler. 
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Let A and B, Fig. 183, be two metal plates, and let the 
dotted lines represent closed chains of geared ether cells, each 
chain being like Fig. i8i. Imagine the two plates A and B to 
be connected by a wire, and an electric current to be forced 
through this wire by means of a battery, thus causing the plates 
A and B to become charged. The forcing of the current through 




the wire means a forced slipping of ether cells at every point of 
the wire, and each chain of geared cells, initially like Fig. l8l, 
would become distorted like Fig. 182. Throughout the region 
between A and B the positive ether cells would be displaced 
downwards and the negative ether cells would be displaced up- 
wards, that is, the region between A and B would become an 
electric field, the direction of which would be outwards from the 
positively charged plate A and inwards towards the negatively 
charged plate B. 

Imagine the two metal plates A and B, Fig. 183, to be 
charged, that is, imagine the chains of geared ether cells which 
are represented by the dotted lines in Fig. 183 to be distorted 
like Fig. 182. Then a wire * connected from A to B will cut 

" Strictlr this wire should be Ihonght of u ■ brmd sheet of meUl of which the 
ir is ihowa in Fig. 183. See footnote on page 346. 
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across every one of the distorted chains of geared ether cells, 
slipping will begin at every point on the wire, each distorted chain 
of cells will begin to be relieved from distortion, the energy of 
each distorted chain will be transmitted along the chain to the 
wire where it will appear as heat, and the entire r^on between 
and surrounding the metal plates A and B will be relieved 
from the electrical stress. The explanation here given of the en- 
tire relief of the electrical stress between two plates by the estab- 
hshment of a conducting line (line of slip) between them, applies 
to two adjacent oppositely chained bodies of any shape. An 
electric spark is a line of slip (a conducting line) and tlie energy 
of the electic field flows in upon the spark as it does upon a wire. 
The slipping of the ether cells in a conductor is imagined to be 
opposed by a fractional drag very much as if the gear teeth of the 
ether cells in a metal were made of a viscous substance like pitch. 

142. The electric oscillator. — Let A and B, Fig. 184, be two 
metal balls connected to two short rods between which is an air 
gap. Imagine charge to have been collecting on A and B 




(positive on A, negative on B) until a spark jumps across the 
air gap, thus establishing a conducting path from A to B and 
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causing A and B to dtschai^. This dischai^e, however, is 
usually osdilatory hke the movements of a spring which is 
pulled to one side and suddenly released, as follows : Consider a 
chain of geared ether cells which when undistorted lies along the 
dotted line in Fig. 184, this dotted line being everywhere per- 
pendicular to the lines of force of the electric field. When A 
is positively charged this chain is distorted as shown (in part), but, 
inasmuch as it is a closed chain, its distortion is fixed, as ex- 
plained in connection with Fig. 182. When a spark is formed 
across the air gap, however, a line of slip is established across the 
distorted chain, and the distortion disappears as explained in Art 
141. What is said of the single chain of ether cells is true of 
every chain which surrounds A or B. 

If the slip which relieves the distortion of the chain of ether 
cells takes place with great friction (high electrical resistance of 
conducting path formed by the spark), the cells near the spark 
begin turning slowly and the entire energy of the distorted chain 
is geared into the gap and converted at once into heat. If the 
slip which relieves the distortion of the chain of ether cells is 
almost frictionless (low electrical resistance of the conducting path 
formed by the spark), then the energy of the distorted chain is 
used mostly in overcoming the inertia of the cells as they are set 
rotating, and after a very short interval of time the whole of the 
electrical energy will have been converted into kinetic energy of the 
rotating cells (magnetic energy). During this conversion the 
energy, streaming along the dotted lines in Fig. 184, largely dis- 
appears from the regions ee and ee, and is distributed mainly in 
the region mm. When the chain of ether cells has been relieved 
from distortion, the rotatory motion of the ether cells in the region 
tftM will have reached a maximum, and the cells will continue to 
rotate because of their momenta, thus producing a reversed distor- 
tion of each chain of ether cells. At the same time the energy 
will stream back from the region mm to the regions ee and ee, 
being converted again into potential energy of ether distortion, and 
the balis A and B will be charged in a re\'ersed sense. This r&- 
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versed distortion of the chains of ether cells is then relieved by i 
reversed slip (a reversed current in the rods and along spark), 
and the above described action is repeated over and over again 
until the original energy of the electrical field has been dissipated. 
The oscillatory changes above described take place so rapidly 
that the portions of the distorted ether which are remote from the 
oscillator AB, Fig, 184, do not follow the changes promptly. 
This gives rise to electrical waves the nature of which at a dis- 
tance from the oscillator is explained in a subsequent article. 

143. Examples of electric osdllators. — The type of dectric 
oscillator which is described in Art 142 was devised by Hertz 
and used by him in his celebrated experimental researches on 
electric waves in 1887.* An electric oscillator essentially similar 
to the Hertz oscillator is employed as the sending device in 
electric -wave telegraphy, wireless telegraphy so-called, as de- 
scribed in Appendix D. 

Almost every electric spark dischai^e is oscillatory in character 
as may be shown by photographii^ the spark upon a rapidly 
moving photographic plate. Thus, a sharp flash of lightning 
when photographed by means of a rapidly swinging camera 
generally shows several parallel flashes very close together on 
the photographic plate. The number of oscillations per second 
of an electric discharge is, however, generally so great that the 
sound of the spark cannot be distinguished from a sharp snap or 
click. According to the principles enunciated in Appendix E, 
however, it is evident that the number of oscillations per second 
can be reduced to any desired value by increasing the inductance 
of the circuit through which the dischai^e takes place and by 
increasing the capacity of the condenser in which the chai^ is 
stored. Thus, Fig. 185 shows a battery of Leyden jars JJ 
arranged to discharge across an air gap ^ and through a coil of 
wire L, The sound produced by the spark in this case is a high 
pitch musical tone of very short duration like the ringing sound 

"These researches ar« described in H«rti'» book 00 EleetrU Wavet, English 
tiuislatiim poblished by The Macmillan Compui}'. 
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which is produced by striking an anvil with a hammer. The 
pitch of the "ringing spark" may be raised by decreasing the 
number of turns of wire in the coil L, or by decreasing the 
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number of Leyden jars in the battery JJ. The oscillatory char- 
aicter of the spark across the gap g may be shown by viewing 
it in a rotating mirror, and in this way ten or more images of the 
spark may be seen side by side at each discharge of the battery 
of Leyden jars. 

The oscillatory discharge of a condenser through a coil of wire 
is utilized in a type of induction coil which is due to Nikola 
Tesla, A helix PP, Fig. 186, of ten or fifteen turns of coarse 
wire is connected to the 
terminals CD of a 
chained condenser AB, 
or battery of Leyden 
jars, with a spark gap in 
the circuit at g. The 
condenser is connected ^' 

to the secondary of a high voltj^e transformer, each high volt- 
age impulse of the transformer charges the condenser until the 
air gap at g breaks down, and then the condenser charge 
suites back and forth through the helix PP until the energy of 
the chaise is dissipated. A jet of air * issues from a nozzle J 
and blows away the air which has been heated and ionized by 

* By Dsiag rinc (erminals for Ibe spark g and by placing two or three very short 
ipork gap* in series the air jet becomes annecessaif . 
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the Spark. Then charge can again accumulate on the condenser 
until a new dischaige takes place. The successive discharges 
may be as frequent as several thousand per second (a number of 
successive discharges taking place during each high voltage im- 
pulse of the charging transformer), and the oscillations of each 
discharge may be at the rate of a million or more per second. 

A second helix SS of several hundred turns of wire sur- 
rounds the helix PP (not so shown in the figure), that is, the coils 
PP and 55" constitute the primary and secondary coils of an 
induction coil. The rapidly oscillating current in PP due to 
the discharge of the condenser induces very large electromotjve 
forces in 6"5 and produces long sparks between the terminals 
of SS'. 

A very striking property of the discharge from SS, which is 
due to its high frequency, is that it traverses only the surface 
layers of a conductor and it may therefore be passed through 
(over) the human body with impunity. 

Leyden jars as oscillators and resonators. — Similar circuits may 
be connected to two leyden jars so that the oscillations which 
occur when one Leyden jar discharges through its circuit are in 
unison with the proper oscillations of the closed circuit of tUe other 
jar, so that the inducing action on the circuit of the second jar is 
cumulative. An instructive experiment is the following : A Ley- 
den jar Is connected to a vertical rectangular circuit of wire "orw as 
shown in Fig. i8/, and an electric machine repeatedly charges the 
jar untilit discharges across the air gap g and through the drcuit 
WW. This discharge is oscillatory in character and it has a 
definite frequency. A second jar similar to the first is sltort-ctr- 
cuiied by a vertical rectangular wire frame wvj as shown in Fig, 
1 88, and placed along side of the arrangement shown in Fig. 
187. By adjusting the size of the circuit in Fig. 188, the free 
period of oscillation of this circuit may be made to coincide with 
the period of oscillation of the circuit in Fig, 187, and, wh«i 
this condition is reached, the induced oscillations in the circuit 
become sufficiently intense to produce a spark across the air g^ 
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a. This experiment illustrates the phenomenon of electric reso- 
nance. Each oscillation of the circuit in Fig. 187 induces a 
slight electromotive force in the circuit ofFig. 188, these succcs- 
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sive electromotive forces are in unison with the proper period of 
osdllation of the circuit in Fig, 188, and therefore their effect is 
cumulative. 

The Tesla induction coil is usually arranged so that the induc- 
tance of its primary circuit can be adjusted, thus altering the 
frequency of the oscillatory discharges through the primary coil. 
Then by adjusting the inductance of the primary until the fre- 
quency of oscillation of the primary circuit is the same as the 
frequency of oscillation of the secondary circuit, the successive 
surges of current in the primary coil become cumulative in their 
effect on the secondary (resonance). 

144. Water waves in a canal. — Before attempting to describe 
electrical waves, it is desirable to consider some of the phe- 
nomena presented by water waves. A water wave consists of a 
moving hill of water, a given particle of water is set in motion 
when the wave reaches it, and comes immediately to rest after 
the wave has passed. What supports the hill of water, and 
what produces the unbalanced force which causes the water to 
18 
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gain velocity and lose it again during the passage of the wave? 
A wave always consists of two elements which travel along together, 
a local distortion (f the medium and a local state if motion of the 
medium, the forces which are associated with the distortion are the 
forces which produce the motton ; tlUs production of motion involves 
acceleration and the reaction of the acceleration gives rise to the 
forces which produce distortion. The distortion creates the mo- 
tion and the motion creates the distortion as they both travel 
along together. The two are mutually dependent 

A consideration of the simplest kind of water waves in a canal, 

namely, the kind in which the only perceptible motion of the 

water in the wave is a uniform horizontal flow, will serve better 

than anything else as an introduction to the discussion of electric 

waves. Consider a canal of rectangular section which is filled to 

a depth x with still water. Imagine a gate to be moved slowly 

along the canal at velocity v, as shown in Fig. 189, Thewrater 

next the gate is set in motion, and in being set in motion it heaps 

up to a definite depth x + A ; and a wave of starting W moves 

* along the canal at a definite 

velocity V. If the gate is sud- 

• denly stopped, the wave of 

starting W continues to move 

as before, the water next to the 

gate, in being stopped, drops 

^^' '*'' to its normal depth x, and a 

wave of arrest W moves along the canal as shown in Fig. 

190. The elevation h of the water in the wave is supposed to 

be small. 

The uniformly mowig and uniformly elevated body of water 
A, Fig, 190, constitutes what is called ^complete wave, or simply 
a wave. The water in front of the wave is continually set in 
motion at velocity v and raised to the depth :r+A. The water 
in the back part of the wave is continually brought to rest and 
lowered to the normal depth x of the water in the canal 
Thus, the state of motion which constitutes the wave A travels ' 
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along the canal without changing its character, friction being 
neglected. 

An essential feature of any wave which moves along without 
changing its shape is ihat the kinetic ertergy is equal to the potential 
energy in the wave at each point. Thus, the kinetic energy of 
the water wave A, Fig, 190, due to the uniform velocity v of 



the water in the wave is equal to the potential energy due to the 
elevation k* When the potential energy in a wave is equal to 

'The foltoinDg derivatioa of the velocity of a i*ater wave in > onal sbom the 
sigDificaoce of equality of potential and Itioetic energy. This discnssioa ia based 
npon a alight modification of th« coaditiom shomi in Fig. 189, u follows : Water of 
depth :r Somalong acanal of rectangular sectionat a Dnifortn Telodty (small) of 
V ceotiiDcters per lecond. A gate is suddeoly closed as showo in Fig. 191 ; the 
moving water, in being brought lo rest against the gate, heaps up to a depth x -\- h; 
■nd a wave of arrest iV, Fig. igi, 
moves along the canal at a definite ve- 
locity V. The action involved in Fig. 
191 ii identical to the action involved 
in Fig. 1S9. In bet. Fig. 189 can be 
coDTcrted into Fig. 191, by imagining 
everything in Fig. 1S9 to be moving to 
the right at velocity v. The discnsaon 
^' "'■ of Fig. 191 isaimpler than the discus- 

non of Fig. 189 became the polentiBl energy is in one portion of the water and 
the kinetic energy is in another portion, whereas in Fig. 189 the potenlial energy and 
the kinetic energy are both in one portion of the vrater. Let * be the breadth of (he 
canal. Consider a transverse slice of water ooe centimeter thick. The volume of 
this slice is ix cubic centimeten and its mass is dtx grams, where d is the density 
of the water in grams per cubic centimeter. Therefore the kinetic energy ofthissKce 
of water when it is moving at a velocity of v centimeters per second is JoBiw*. 
When the wave of arrest IV, Fig. 191, reachesthcsUceofwaterander consideration, 
the slice, as it comes to rest, is squeezed together and increased in depth to x -j- A, 
The slice is decreased in thickness in proportion to its increase in depth, so that iti 
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the kinetic energy, we have what is called a pure wave, and when 
the potential energy in a wave is not equal to the kinetic energy 
the wave is called an impure wave. 

The behavior of an impure wave pulse in a canal may be stated 
by considering an extreme case of an impure wave as follows : 
Consider an elevated portion of still water in a canal as shown 




Ftc- 192. Re. 193. 

thicVneub teduced lo x/(j:-f-A) or to (l — kf-x) of > ccDtimeter, k beingTcrj 
smkll. Therefore, the decrease of thickoess is A/j of a centimeter. The (tuce 
•Cting to reduce the thictness of the slice is to be conadcred u that force which i» 
due to the inmaie of pressure io the wmter produced by the increatiHg dtptk A. 
This increase of pressure is equal to Adff dynes per square centimeter when the slice 
has reached its (^eatest depth, so that (he average increase of pressure due to increas- 
ing depth is {Adg; which produces over the face of the slice a force equal to 
iMg X ^'i and the product of this force and the decrease of thickness of the slice 
gives the work done in decreasing its thickness. This wtnk must be equal to the 
origbal kinetic energjr of the slice, so that 

Consider the instant / seconds afler the closing of Ihe gate in Fig. 191. The wave 
of arrest IV has renched the distance Vl from the gate, and the excess of water Ihit 
Is represented by the raising of the water level (=^ tV X ^ X ^ cubic centimeters) is 
the amount of water supplied by the flow of the canal in / seconds (= jjritf cubic 
centimeters). Therefore 
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Substitntlng the Take v from equation (i) in equation (ii), we have 
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a the Telodlr 



gained bf a bodj in Uling Greely through (he distance jr/i. 
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in Fig. 192. This body of elevated water is an impure wave in- 
asmuch as its velocity of flow v is zero, and therefore its potential 
energy of elevation cannot be equal to its kinetic energy of flow. 
Sucb an elevated portion of still water breaks up into two oppo- 
sitely moving pure waves, and the initial stage of this process of 
breaking up is indicated in Fig, 193. 

When a wave like A, Fig. 190, travels along a canal, the 
velocity of flow v is continually decreased by friction, whereas 
there is no action tending to reduce the elevation h. Therefore 
th^ portion of tht elevation which is in excess of what is required 
to give a pure wave with what remains of the velocity of flow, 
behaves exactly like the elevation A in Fig. 192, that is, this 
excess of elevation breaks up into two pure waves a and b, Fig. 
193, the portion a merges with the original wave A and the 
portion b shoots backwards. 

The upper part of Fig. 194 represents, on an exaggerated 
scale, the elevated portion of water in a pure wave. The velocity 



'T 




of flow V in this wave is continually reduced by friction as the 
wave travels along the canal, the excess of elevation which is 
being thus continually left in the wave causes a long drawn-out 
wave to shoot backwards, and after a time tlie wave has the 
form shown in the lower portion of Fig. 194, The head of the 
wave is greatly reduced in intensity (energy value) partly be- 
cause of the loss of energy by friction and partly because of the 
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carrying of enei^ backwards into the tail of the wave. After 
a given interval of time the taO of the wave has a total length 
2 Vt where V is the velocity of progression of the wave. 

If a canal is filled brimful of water so that the elevation of the 
water level causes an overflow, or S[m1], the tendency is for a 
wave to remain pure, and therefore to be propagated without 
change of shape, because the elevation is reduced by spill and 
the velocity of flow v is reduced by friction. This is precisely 
analogous to the action which lakes place on a poorly insulated 
telephone line and which causes such a telephone limit to transmit 
speech more distinctly than if it were thoroughly insulated. 

145. The electromagnetic wave. — An electromagnetic wave 
consists of a state of ether distortion and a state of ether moticm 
traveling along together and mutually sustaining each other. 
The ether distortion is electric field and the ether motion is mag- 
netic field. A layer of electric field unsustained breaks up into 
two electromagnetic waves just as the elevated portion of water 
in Fig. 192 breaks up into two water waves. 

The action which takes place in an electromagnetic wave may 
be clearly understood with the help of Maxwell's conception of 
the electromagnetic field. It is desirable to consider the case of 
an electric wave which moves along between two wires (or broad 
sheets of metal) which bound the electric wave very much as a 
speaking tube bounds a sound wave which passes through it. 

Figure 19S shows two broad sheets of metal with an electro- 
magnetic wave pulse traveling along between them at velocity 
V. The fine vertical lines represent the electric field which is 
towards the top of the page, and the dots represent the lines 
of force of the magnetic field which is perpendicular to the plane 
of the paper and directed towards the reader. A ^gle chain 
of geared cells is shown in the figure, although a complete repre- 
sentation of what takes place in the wave would necessitate the 
showing of great numbers of horizontal chains of geared ether 
cells every one of which would be exactly similar to the one 
shown in Fig. 195. Within the region of the wave the ether 
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cells are all in uniform rotation as indicated by the small curved 
arrows, and within the r^ion of the wave the chains of cells are 
all distorted, positive cells being displaced upwards with respect 
to the negative cells, as shown in Fig. 195, 
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Pit. 195. 

Throughout the middle portion of the wave each rotating cell 
is acted upon by equal and opposite torques by the adjacent cells 
ahead of it and behind it, as explained in connection with Fig. 
175.* Therefore all the cells in the middle portion of the wave 
continue to rotate at unchanging speed, and the zigzag distortion 
of the chain of cells remains unchanged in the middle portion c^ 
the wave The cell d, however, exerts an unbalanced torque 
upon the cell /, as indicated by the dotted arrow T', and this 
torque quickly sets the cell / into rotation. Also the cell S 
exerts an unbalanced torque T upon the cell £ which quickly 
stops the rotation of the cell e. Thus the combined state of 
motion and distortion of the ether cells between c and / travels 
to the right 

The terminating of the electric lines of force on the wires (or 
metal sheets) which bound the electric wave constitutes electric 

"Figme I9j represents vhat inaj be called ■ rtdaagular electromignelic wave 
pnlse throughout which the electric iteld U uniferm uid throughout which the mag- 
netic Reld is imtform. 
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charges, positive on the lower wire and negative on the upper 
wire, in Fig. 195. It is evident, furthermore, that the uniform 
rotation of the ether cells in the region of the wave involves the 
slipping of the ether cells where they come in contact with the 
sheets of metal which bound the wave. This slipping constitutes 
an electric current which flows to the left in the upper wire and 
to the right in the lower wire in Fig. 195. 

Figure 195 represents what is called 3 rectangular wave pulse. 
Fig. 196 shows what takes place when a simple train of electro- 
magnetic waves travel along between two broad metal sheets. 

, ^ MJ^svi^- _ _ w M-S^s^ni- _ w — 



Hert^s experiments with electric waves.* — The osctUatar used 
by Hertz consisted of two brass rods A and B with an air gap 
g, as shown in Fig. 1 97. These two rods were connected to 
the terminals of an induction coil as indicated, at each impulse 
of electromotive force from the induction coil a spark breaks 

"These experiments were described origiDall^ in WieiffmanH't -AnHaltH. A tktj 
complele descriptioa of them ma; be Tound in Hertz's book on EUctrU Waoti, Eog- 
Ush truublioD published bj The Macmillsn Compuijr. 
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across the gap g and the discharge surges back and forth along 
the rods until the energy of the charge is dissipated, 

TX^ resonator. — The elec- 
tric waves were detected in 
Hertz's original experiments 
by means of an arrangement 
similar to the oscillator, but 
with a shorter spark gap and 
without connections to an in- 
duction coil. This arrange- *" 
mcnt, which is called the resonator, has the same period of oscil- 
lation as the oscillator so that the action upon it of the train of 
waves from the oscillator is cumulative, causing it to oscillate in 
sympathy with the oscillator just as one tuning fork vibrates in 
unison with a similar one which is set vibrating with a hammer 
blow. The oscillations of the resonator were indicated by 
minute sparks in its gap g, Fig. 198. 

The reflectors, — The waves which emanate from the Hertz 
oscillator are very weak at any considerable distance, and their 
action upon the resonator may be greatly intensified by the use 
of parabolic reflectors. The oscillator and the resonator were 
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placed along the respective focal lines of two parabolic cyUnders 
made of sheet metal, as shown in Fig. 198 and the resonator was 
arranged so that its spark gap was behind the mirror and thus 
easily visible. 

Reflection of electric -aiaves. — UTien the oscillator and resona- 
tor are arranged as shown in Fig. 198, a very distinct effect of 
the resonator is produced when the oscilla- 
tor is active, the waves from the oscillator 
being concentrated upon the resonator ly 
the action of the two parabolic reflectors. 

When arranged as shown in F^. 199, 
AB being a plain sheet of metal, and the 
aisles being equal, a very distinct effect 
oii the resonator is produed. 

Refraction of electric waves. — When the 
oscillator and resonator are arranged as 
shown in Fig. 200, in which PP repre- 
sents a lai^e prism, of asphaltum or parafHne, a very distinct 
effect is produced upon the resonator. 

Polarization of electric waves. • — A frame strung with a grating 
of fine metal wire acts as a good reflector for the waves from a 





Fie. 300. 



Hertz oscillator, when the wires of the grating are parallel to the 
axis of the oscillator. When the wires of the grating are at right 
angles to the axis of the oscillator, the waves pass through the 
grating without perceptible diminution in intensity. Therefore 
the waves from a Hertz oscillator are plane polarized. 

Stationary electric waves. — If the plane waves from the osdl- 
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lator and its parabolic miiror arc allowed to fall perpendicularly 
upon a plane sheet of metal AB, as shown in Fig. 201, the 
resonator is not acted upon if it is placed at certain points 
n, »', n' ', and so on, whereas the resonator is acted upon if it is 
placed at positions intermediate between these points. The 






A 

H 



reflected waves from AB, Fig. 201, form with the advancing 
waves a stationary wave tiain of which nodes are situated at the 
points n, n', n", and the antinodes at the points aa. 

146. The law of Indoced electromotire force and its bearing upon 
electromagnetic wave motion. — Let H be the intensity in gausses 
of the magnetic field in the region of the wave shown in Fig, 195, 
let y be the intensity of the electric field in abvolts per centi- 
meter, and let / be the distance across from wire to wire (sheet 
to sheet). The sidewise motion of the magnetic field at velocity 
V induces an electromotive force in the region of the ware and 
this electromotive force in abvolts is given by the equation 

E-IHV 

as explained in Art 64. Therefore the electric field intensity in 
the wave {£'//) is given by the equation 

f-HV (78) 

in which / is expressed in abvolts per centimeter, H is ex- 
pressed in gausses, and V is expressed in centimeters per 
second. 
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CalculatioH of velocity (f progression of the electromagnetic 
wave. — The intensities of the mutually dependent electric and 
magnetic fields which constitute a pure electromagnetic wave must 
satisfy two conditions, namely, (a) the magnetic energy per unit 
volume in the wave must be equal to the electric enei^ per unit 
volume in the wave,* and {p) the velocity of the wave must be 
such as to satisfy equation (78}, so that the electric field may be 
wholly sustained by the indudng action of the moving magnetic 
field. 

The magnetic energy in ergs per cubic centimeter in a wave is 
equal to H^fSw according to equation {27), the intensity 1/ of 
the magnetic field being expressed in gausses. The electric 
energy per unit volume in a wave is given by equation (75), in 
which equation the enei^y is expressed in joules per cubic centi- 
meter and the electric field intensity is expressed in volts per 
centimeter. Reducing to cg.s. units (energy in ergs per cubic 
centimeter and electric field intensity in abvolts per centimeter) 
we have 

/'/(25x lO*) 

as the expression for the electric energy in ergs per cubic centi- 
meter. Therefore the first condition above mentioned- gives the 
equation 

IP /* 

Therefore solving equations (78) and (79) for V, we have 

r*-^xio* (80) 

but the factor B is equal to 1.131 x 10", according to Arts. 
91 and 98. Therefore we have 

F= 2.996 X lo"!^ (81) 

The velocity of an electric wave thus calculated is identically 
" See (botnote to Ait. 144. 
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equal to the velocity (rf light as determined by direct observation. 
Therefore the most accurate method for determining the value of 
the constant B as used in Arts. 91 to 98 is to calculate its value 
from the observed value of V using equation (8i). 

The identity of the velocities of electromagnetic waves and of 
light waves was first pointed out by Maxwell and it is now uni- 
versally conceded that light waves are electromagnetic waves. 

147. Electric wave distortion. — So long as the electric and 
magnetic field intensities iti the wave which is shown in Fig. 195 
continue to satisfy equation (79), the electromagnetic wave remains 
pure and it does not change its shape as it travels aloi^. The 
effect of the electrical resistance of the two bounding wires (or 
metal sheets) Is to cause a steady decay of the magnetic field, and 
the effect of imperfect insulation of the material between the 
bounding wires is to cause a continual decay of the electric field. 
The continual decay of the magnetic field may be thought of as 
due to the resistance which opposes the slipping of the rotating 
ether cells where they are in contact with the bounding wires in 
Fig. 195, and the continual decay of the electric field is somewhat 
analogous to the slow disappearance of stress in a stretched piece 
of rubber which may be supposed to have, in addition to its elastic 
property, a certain degree of viscosity, like pitch, so as to con- 
tinually yield under the influence of the stress. When the re- 
sistance per unit length of the bounding wires in Fig. 195 bears 
a certain ratio • to the insulation resistance of the material be- 
tween unit length of the bounding wires, then the electric and 
magnetic fields decay in such a way as to continually satisfy equa- 
tion (79), and the wave progresses without changing its shape. A 
pair of transmission wires which satisfies this condition constitutes 
what is called a distortionless line. In all ordinary telephone lines 
the effect of line reliance is greatly in excess of the effect of line 
leakage,t and therefore an electric wave in being transmitted along 

" This relation m>^ be quite euil; (bnnulated but bd elaborate discusdtai of wan- 
dUtortioii is not within the scope of this text. 

tSereral interesting examples are given bjr B. S. Cohen in Thi EUctrieixm 
(London), April lo, 1908. 
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a telq}hone line suffers continual distortion because of the ia[»d 
decay of magnetic field due to line resistance. The distortion <^ 
an electric wave as it travels along a pair of telephone lines is 
similar in many respects to the distortion c^ a canal wave as de- 
scribed in Art 144 and as represented in F%. 194. Imagine 3 
rectangular electromagnetic wave-pulse to be started at the middle 
of a long telephone line (two wires of course). Let the small 
rectangle in the upper part of Fig. 1 94 represent the initial form 
of the wave. Alter the elapse of time tlie wave changes to the 
shape shown by BB, Fig. 194. The energy in the head of the 
wave decreases partly because of the R/* losses in the line wires 
and partly because of the shooting of energy back into the tail 
of the wave. 

The transmission of articulate speech over a telephone line de- 
pends upon the transmisaon of characteristic shapes of electric 
waves. Thus, the shapes of the 
electric waves necessary to re- 
produce certain vowel sounds are 
shown in F^. 202, and the wave 
shapes which are necessary to 
produce consonant sounds are 
very much more complicated than 
these. The wave distortion on 
the line tends to make each ele- 
mentary portion of a wave spread 
out as shown in Fig. 194, and if 
yj^ each elementary portion of a com- 
plicated wave spreads out in this 
way the fine details of wave shape 
are very soon obliterated as the wave travels along. 

It is not desirable to eliminate wave distortion by providing 
poor insulation between telephone wires because this results in a 
great reduction in the amount of energy transmitted. The method 
which is used in practice is to connect small inductance coils in 
circuit with the line wires at intervals over the whole length of 
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the line. The eflect of these inductance coils is to permit of the 
satisfying of equation (79) (magnetic energy equal to electric 
energy) with a very greatly reduced value of current in the line 
wires so that the RP loss, which is the cause bf the wave dis- 
tortion, is very greatly reduced. A telephone line provided with 
inductance coils in this way is called a loaded line. This arrange- 
ment is due to Fupin. 

The canal analogue of a loaded telephone line is as follows : 
Imagine a great number of thin boards to be placed across the 
canal in the form of diaphragms but free to move with the water 
in the canal, and im^ne these thin boards to be very massive. 
The effect of these massive boards would be to reduce the 
velocity V in Fig. 190 and still permit the kinetic energy of the 
moving water and boards to be equal to the potential energy due 
to the elevation of the water in the wave. This reduced velocity 
of flow V would greatly reduce the friction of the water against 
the sides of the canal and therefore the kinetic enei^ of the 
wave would be dissipated much less rapidly than if the water in 
the canal were not loaded. 

The loading of a telephone line is helpful only when the energy 
loss due to line resistance is much greater than the enei^ loss 
due to line leakage (poor insulation). When line leakage (poor 
insulation) is excessive, the loading of the line tends to increase 
wave distortion. The explanation of this effect of loading is as 
follows : The velocity of transmission of the waves along a line 
is greatly reduced by loading so that a longer time is required 
for a wave to travel over the line and therefore the wave loses 
energy by leakage for a longer time.* 

Problems. 

143. Ten horse-power is transmitted along a row of gear wheels, 
the speed of each of which is 1,200 revolutions per minute. The 

•The «tadent who wiahe* to pursue the study of the theory of electric waves 
ihould re«d Heaviiide's Eltcfromagnitic Thtery, Vols. I and II, London, The Elec- 
trician Company. The tecoud part of Vol. I, tiamely, p«ges 306 to 455, ti especially 
instractiTe. 



byGoogIc 



272 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

diameter of the pitch circle of each gear is 2 feet Find : (a) 
The tai^ential force exerted on a given gear wheel by each ad- 
jacent wheel, and {6) the torque exerted upon a given gear by 
each adjacent g^ar and express the result in pound-feet Ans. 
(a) 21 1 pounds, (d) 21 J pound-feet 

144. A long wire of which the resistance per centimeter of 
length is 0.02 ohm carries a current of 3 amperes, (a) Find the 
rate at which energy flows in upon each centimeter of length of 
this wire in ergs per second, (d) Find the intensity of the 
energy stream at a distance of 1 5 centimeters from the wire in 
ergs per second per square centimeter, (c) Find the intensity of 
the electric field parallel to the wire in abvolts per centimeter and 
find the intensity of the magnetic field in gausses at a distance of 
15 centimeters from the wire, (d) Find the value of the pro- 
portionality factor by which the product of intensities of electric 
and magnetic fields (at right angles to each other) must be mul- 
tiplied to give the intensity of an energy stream in ergs per 
second per square centimeter. Ans. («) 1,800,000 ergs per 
second, (i) 19,100 ei^s per second per square centimeter, (c) 
6,000,000 abvolts per centimeter, (d) i/4ir. 

146. Consider two line wires in the form of two flat metal rib- 
bons so centimeters wide and 3 centimeters apart At a given 
point // the electromotive force between the ribbons is 100 volts 




Fit. 203. 

and the current in each ribbon is lo amperes, as shown in Fig. 
203. (a) Find the rate in ei^s per second at which enei^y flows 
past the given point / from generator towards receiver in 
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etijs per second, using the ordinaiy formula P— El. {b) 
The electric field intensity between the points // in Fig. 
203 is 33^ volts per centimeter and the magnetic field between 
the strips is uniform and perpendicular to the plane of the paper. 
Let the intensity of the magnetic field be H. Express the 
intensity of the energy stream across pp in ergs per square 
centimeter per second in terms of H and the electric field, 
intensity using the proportionality factor found tn problem 147. 
Multiply this intensity of the energy stream by the sectional area 
across which it flows at pp and place this result equal to EI 
(expressed in cg.s. units of course) and thus find the intensi^ of 
the uniform magnetic field between the two ribbons. Ans. (a) 
10" ergs per second, {b) 4'ir/5o gauss. 

146. A water wave travels along a canal in which the normal 
depth of water is 6 feet, the width of the canal being 12 feet 
The wave is 30 feet long and the water in the wave has a uniform 
velocity of 0.3 foot per second. Find the total energy of the 
wave counting both potential energy and kinetic energy. Ans. 
379.7 foot-pounds. 

147. A rectangular electromagnetic wave-pulse is bounded by 
two broad sheets of metal as shown in Fig. 195. The width of 
the sheets is 50 centimeters, their distance apart is 3 centimeters 
and the length of the wave pulse is icx) centimeters. The inten- 
sity of the uniform magnetic field in the region of the wave is 10 
gausses. Find the total enei^ of the wave including electric 
and magnetic enei^y. Ans. 3,ocK),ooo/87r ei^ 

148. A battery of which the electromotive force is 1,000 volts 
is connected at a given instant to the two wires of a transmission 
line. Treating the transmission line as though it consisted of two 
flat ribbons, make a diagram somewhat similar to Figs. 195 and 
196 showing the distribution of current in the bounding metal 
sheets, the distribution of charge on the bounding metal sheets, 
and the distribution of electric and magnetic fields in the region 
between the sheets at an instant t seconds after the battery is 
connected, Vt being less than the length of the line, where V 

19 
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is the velocity of progression of electric waves along the line. 
Assume in this problem that the resistance of the bounding metal 
sheets is negligible. 

Nelt, — A w*T« of tUrting tniTelj out from the battery end (rf the line at 
Telodtjr K Ahead oT thii iraie oT tuning (he line is wholly undistuibed. Behind 
fidi wave of startii^ the CBtrem ia each line has everywhere the nme lalue ■ (out- 
wards in one line, backwards !□ the other line), tlie eiectroniotiTe force between maini 
is everywhere equal to l,ooo volts, the electric Geld intensity between the ribbons 
has everywhere the same value, and the magnetic field between (he ribbons his 
everywhere tlie same value H. The electric energy per unit length of the pair of 
ribbons may be calculated with the help of eqnadons (65A) and (62) by oonsidering 
the ribbon* as the two plates of a condenser, the electromotive force between them 
being 1,000 volts. The intensity of the magnetic field between the ribbons may then 
b« bnod from the fact that the elecliic energy must be equal to the magnetic energy, 
and the current in each ribboo may then be found from the rclationthip cstablidied in 
problem 147. Calculate the iotensily of the electric Geld, the intensity of the mag- 
netic Geld, and the current in each ribbon in the r^on behind the wave c£ starting 
ID problem 14S. 

149. The end of the transmission line (pair of ribbons) in prob- 
lem 148 is short-circuited by zero resistance. Make a diagram 
showing the distribution of electric and m^netic field, the distri- 
bution of charge on the two ribbons and the distribution of cur- 
rent along the two ribbons at an instant after the wave of starting 
has been reflected from the short-circuited end of the line. 

Nell. — The student should read Art 136 of Franklin and HacNnll's Elements 
of Mechanics in order to be able to understand this problem. 

160. The end of the transmission line (pair of ribbons) in 
problem 148 is open, that is the two ribbons come to an end in 
air. Make a diagram showing the distribution of electric and 
magnetic field, the distribution of chat^ on the two ribbons and 
the distribution of current along the two ribbons at an instant 
after the wave of starting has been reflected from the open 
end of the line. 

151. The transmission line specified in problems 148, 149 and 
1 50 is assumed to have zero resistance, and the short-circuit at 
the end of the line is assumed to have zero resistance in problem 
149 so that the current produced by the battery in problem 149 
ultimately becomes indefinitely large. Plot a curve showing the 
growth of current at the battery terminals with lapse of time. 
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Nolt. — Tlie battery cnircnt (tuts ftt % deliiiite Tilue >', u eipluped b the note 
to problem 148, uid letsina this Tolue until Ebe wave of itaitiog travel) to the end of 
the line and back, vixtn the cnrreiit suddenly increases to the value of 3i and so on. 
The eflect of the resistance of the tiansmission line is too complicated to peimit of its 
being easily taken into account, and tbeiefore the lesistance of the transmission tine is 
assumed to be zero in ptoblems 148, 149, 150 and 151. 

Ifi2. A long train of cars has highly elastic springs in the 
couplers. Describe the precise manner in which the train gains 
velocity under a constant pull of the locomotive, ignoring friction. 

Keii, — The manner of starting of the train is precisely analogous to the manner 
of Mtting np a cnnent in Ibe tranvniwion line in pioblem 149. 
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CHAPTER X. 

ELECTRICAL MEASUREMENTS. 

148. Absolnte meaBurements and international Btandaida. — 
The measurement of an electrical quantity in terms of the me- 
chanical units of length, mass and time directly is called "abso- 
lute" electrical measurement. For example, the measurement 
of current by the Weber electro-dynamometer as explained in 
Art 59, is an " absolute " measurement Absolute electrical 
measurement requires, in most cases, elaborate apparatus, and, 
unless extreme precautions are taken, is subject to considerable 
error. Jn consequence of this fact a standard of resistance and 
the electrochemical equivalent of silver have been measured " ab- 
solutely " with extreme care and adopted as international stand- 
ards,* and all ordinary electrical measurements consist in the 
comparison of the quantity to be measured with these standards. 

Measurement op Curbest. 
148. Ueasniement of cturent by electrolysis. — The electro- 
chemical equivalent of a metal having been determined once tor 
all, the strength of any current may be easily and accurately 

*The inlenutioiuil itandard ampere is defiiicd ia Art. 3, and the metbod b; whidi 
it wu detennined >i described in Art. 59. The intenutional standard ohm is defined 
ID Art. 53, and the method by which it wax detennined is described in ArL 151. It 
is likeljF that the electromotive force of the Clarb sUndird cell (see Art. 159} will be 
adopted as an intematioDal standard at the next Intcnutional Electrical Congress. 
In (act, all practical electrical measurements are nov basc^ npon the standard cell 
and a standard ohm. The use of the silver Tollamelcr is terj ledioos and the resolti 
obtained are less reliable than those which may be obtained with great ease by the 
use of a standard ohm and a standard cell. 

An historical sketch of the international untts by Fraoli A. V/oUTis to be foand in 
the Bullttin of the VniirA Stain Bureau ef Slandards, Vol. I, pages 39-76. The 
Ads of Congress establishing the legal electrical units for the United Stales are given 
OD pages 61-65 
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measured by weighing the metal deposited by the current during 
an observed interval of time. 

An electrolytic cell arranged for the measurement of current 
by electrolysis is called acoulambmeter. Thus we have the silver 
coulombmeter (which is described on page 21), the copper cou- 
lombmeter.andthewatercoulombmeter. The water coulombmeter 
consists of an electrolytic cell with platinum electrodes and con- 
taining dilute sulphuric add. It is arranged so that the liberated 
oxygen and hydrogen may be collected and its volume measured. 

150. Measurement of cnrrent by the potentiometer and a stand- 
ard resistance.* — The most convenient method for measuring 
current accurately in the laboratory is to send the current through 
a standard resistance and measure the electromotive force across 
the terminals of the resistance by means of a potentiometer, as 
explained in Art 1 59. This method is convenient because it is 
very much quicker than the electrolytic method and it is quite 
accurate because standard resistances are now available which are 
reliable to within, say, o.oi of one per cent and the electromo- 
tive force across the resistances can be measured by means of the 
potentiometer in terms of the accurately-known electromotive 
force of the standard cell. 

151. Birect-ieadlng ammeterB. — An ammeter is 3 galvanom- 
eter with a pointer which plays over a scale which is divided and 
numbered so that the reading of the pointer gives the value of the 
current directly. The ammeter which is described in Art i con- 
sists of a pivoted coil through which the current flows, and a 
permanent magnet which deflects the coil. This arrangement is 
essentially similar to the D'Arsonval galvanometer which is de- 
scribed in Art 6 1 . Another type of ammeter, the electrodyna- 
mometer type (see Art. 59), is used generally for alternating-cur- 
rent measurements. It consists of a pivoted coil and a fixed coil 
connected in series. The current to be measured flows through 
both coils and the force action between the coils causes the pivoted 

* See Fraetieal Phytits, bj Fruikliii, Crawibrd and HacNutt, pagM 62-74. 
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axl to be deflected. The plunger type of anmieter is extensively 
used where cheapness is a prime consideration. In instruments 
of this type the current ilows through a coil of wire which mag- 
netizes and moves a pivoted or suspended piece of soft iron to 
which the pointer is attached. 

Measurement of Resistance. 
182. AbMlntanuMiuniiBiitoliMUtuiM. LoTMu'smethoA. — Adimlu-cUdc 
of copper J}/}, Tig. 204, ii mounted on an ule uid driven it ■ ouifbnn tpecd d n 



■TttTftMtttUtt 



u^— JnAAAA^ 



^ (^ 



Flc-204. 



remlutiooi per twood. This disk is surrounded bj a large cnil, or solenoid, SS 
through nhkh a MeitdT current / (the value of which need not be known). Bows 
from > battel^ S. This current also flows Ibrougb the resistance JC wliich is to be 
measured, and an anxiiiaiy circuit containing a senatire galvanooieter G a connected 
so tbal the electiomotiTe force which is induced in the lotating disk between Ibe 
brushes a and i can be balanced against the electromotive force J/I across the re- 
sistance Jl, this balance being indicated bj lero deflection of the gaWanometer. The 
intensty of the magnetic field in the soleocrid SS is H=^ittt, eveiything bdng 
expressed in c.g.s. units and t being the number of turns of wire per ccntimeler 
length of the solenoid. An^ given radial filament of the rotating disk cuts irr* X ^ 
lines of flux during each revolution oT the disk, w that the electromotive force iudnced 
between the center and the circumference of the disk is equal to jrr* X ^X " <* 
irr< X V*^^ "■ WicD the speed of the disk is increased until the galvaixHneter 
gives no deflection, then this indaced electromotive force is equal to RI, whence we 

*/=»r*X4f'/X" 

153, Resistance boxes. — The measurement of resistance ordi- 
narily consists of the determination of a given resistance in terms 
of a known resistance. In many cases this measurement is ac- 
complished by adjusting a known resistance until its equal to the 
resistance to be measured, and a resistance box is an arrangement 
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by means of which any desired known resistance may be intro- 
duced into a circuit The usual construction of the resistance box 
is as follows : A series of massive metal blocks are connected by 
wires whose resistances are i, 2, 2, 5, 10, lO, 20, 50 ohms, etc., 
respectively. By means of conical metal plugs which fit snugly 
between the blocks, the blocks may be connected at pleasure, 
leaving the resistance between them approximately equal to zero. 
F^ure 206 shows the essential features of this construction. 



T T 





Fi(. 20s, nr. 206. 

164. Measurement of resistance by Wheatstone'B bridge. — 
Wheatstone's bridge consists of a net-work of conductors, as 
shown in Fig. 206. A batteiy circuit branches at the points a 
and d, and the current flows through the four resistances a, ff, 
y and S, as shown. A sensitive galvanometer G is connected 
between the points c and d. When no current flows through 
the galvanometer the four resistances a, ;9, y and S satisfy the 
equation 

M (-> 

The method of using this arrangement for the measurement of 
current is explained in Arts. 155 and 156. 

Proof t^ equation {8 2). — Let i' be the current flowing through 
a and j8 (the same current flows through a and /9, since the 
galvanometer current. is zero) and let i" be the current flowing 
through 7 and 8. Inasmuch as there is no current flowing 
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through the galvanometer the electromotive force between c and 
d must be equal to zero. Therefore the electromotive force a? 
between a and c is equal to the electromotive force '^' be- 
tween a and d, that is. 



and sioitlaily we find 






(i) 



Dividing equation by equation ^, member by member, we 
have equation (82). 

166. Measoiement of nslstance by tiie slide wire bridge. — A 
stretched wire ab. Fig. 207, an unknown resistance a, a 



known resistance j8, and a senative galvanometer G are con- 
nected as shown to a battery B. The lettering in Fig. 207 cor- 
responds to that in Fig, 206. The sliding contact d is adjusted 
until the galvanometer gives no deflection and then equation (82) 
is satisfied, but 7/S is equal to the ratio of the lengths of the 
corresponding portions of the wire ab, and it is easily deter- 
mined by measuring the lengths ad and dh. Therefore, ^ 
being known, tx may be calculated. 

X06. Ueasurement of resistance by the box bridge. — The box 
bridge is a resistance box containing three sets of resistances, 
jS, Y and 8 connected as shown in Fig. 208. The dotted lines 
represent connections outside the box. The portions 7 and h 
usually have each a lO-ohm, a loo-ohm, and a i,ocx>ohm coil. 
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so that the ratio 7/i may have a series of values any one of 
which may be chosen at will. The portion contains usually 
I, 2, 2, and 5 of each units, tens, hundreds, etc., of ohms. An 
unknown resistance a. is connected as shown, the ratio 7/fi is 
chosen, and the value of yS is chained until the gjalvanometer 




-■^mm 



gives no deflection, the battery key K' being closed first and 
the galvanometer key K afterwards.* The value of a is then 
calculated with the help of equation {82). 

187. The measurement of resistaace by the ammeter and volt- 
meter. — In the dynamo testing laboratory, where it is usually 
inconvenient to use Wheatstone's bridge, resistance is ordinarily 
measured by means of an ammeter and a voltmeter as follows : A 
current, which is measured by an ammeter, is sent through the 
resistance, and the electromotive force between the terminals of 
the resistance is measured by means of a voltmeter. The value 

'irihegalraDometerdrcaftisclosedwhentbebklleiTkef IP <icIoKd,anKiaient- 
u; pulse of current may flow through Ihe gilvBDometer-eveD if eqnalioo (83) is latis- 
fied. Id order that IhismomcDtary pulse of current maf not flow, ■ certaio relatioil miut 
exist belween the inductances of the four arms of the liridge a, P, Y and i. This 
pulse of cnrrcDt due to inductance is made use of in Maxwell's method oT measuring 
iadudaoce by meani of the Wheataloite'i bridge. See Prtulical Physui, Frauklin, 
Crawford and MacNutt, Vol. II, page) 129-133. 
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of the resistance is then found by dividii^ the electromotive force 
by the current 

168. Heasureineiit of very high resistances. Instdatim rt- 
sUtance. — Very large resistances cannot be easily measured by 
the methods outlined above. Consider, for example, an insulated 
cable consisting of a core of copper wire surrounded by a layer 
of rubber and inclosed in a sheath of lead. If the lead sheath 
is connected to one terminal of a battery and the copper core to 
the other terminal, a certain amount of current will flow through 
the insulating layer of rubber, that is to say, the rubber is not a 
perfect insulator (infinite resistance). Very high resistances are 
usually determined by measuring, with a sensitive galvanometer, 
the current / which is forced through the given resistance by a 
lai^e known electromotive force E. Then according to Ohm's 
Law the resistance is equal to Ejl.* 

Example. — One terminal of a i.ooo-volt battery is connected 
through a very sensitive galvanometer to the outside tin-fcnl 
coating on a glass jar, and the other terminal of the battery is 
connected to the inside coating. The current, as indicated by the 
steady deflection of the galvanometer, is 1,4x10"" amperes. 
The resistance of the glass between the coatings is therefore 
equal to 7,100,000 megohms (one megohm is equal to l,ooo,ocx} 
ohms). 

Measurement of Electromotive Force. 

159. The potentiometer. — The potentiometer is a device which 
is now extensively used for the accurate measurement of electro- - 
motive force. The essential features of this instrument may be 
best described by referring to the slide-wire form f of the poten- 
tiometer, the essential features of which are shown in Fig. 209. 

"Insuintora do not conform to Ohm's Law, or, in other words, the cnmntlhnnigb 
tn insuUtor is not strictly proportionsl to the electromotiTC force. DifTerent vrnlnct 
will therefore be obtained for the Insulation resistance according to the ralne of elec- 

f Commercial forms of the potentiameter lor accurate electromotiTe force measure- 
ments are described in Practical Physics bj FrxnUin, Crawford and MacNutt, Vd, 
II, pages 66-74. 
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A bare German silver wire IVIV is stretched upon a board and 
connected to a battery B so that an invarialile current i flows 
through it A side circuit, containing a sensitive galvanometer 
G and a voltaic cell of which the electromotive force ^ is to be 




measured, is connected to the wire WW by means of two slid- 
ing contacts a and b. The sliding contact b is adjusted until 



the galvanometer gives no deflection, then 



(0 



where r is the resistance of the portion ab of the German sjlver 
wire. The voltaic cell e is replaced by a standard cell of which 
the electromotive force e* is known, and the sliding contact b 
is again adjusted until the galvanometer gives no deflection. 
Then 

/ = r'i (ii) 

where r' is the resistance of the portion ab' of the German 
silver wire. Dividing equation (i) by equation (ii), member by 
member, we have 

The ratio r/r', however, is equal to the ratio of the lengths of 
the respective portions of the wire WW, and this ratio may there- 
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fore be determined by measuring these lengths, so that the ratio 
of the two electromotive forces is then known. 

Standard cells. — The Clark standard cell is described on page 
16. Its electromotive force in volts at /" C. is given by the 
equation 

£= 1.4292 — o.ooi23(/— 18) — o.ocMDoo7(^ — iSf 

The Weston cell is similar in every respect to the Clark cdl 
except that cadmium amalgam and cadmium sulphate are used 
instead of zinc amalgam and zinc sulphate. The electromotive 
force in volts of the cadmium cell (with concentrated solution) at 
t° C. L3 given by the equation 

£= 1.0187 — o.oooo35(/— 18) — o.oooooo6s(;— iSy 

Measurement op Power. 

160. Ueasaremeiit of power I17 means of flie ammeter utd 
voltmeter. — The power delivered to an electrical circuit may be 
calculated from the equation P — Er, when the current / in 
the circuit and the electromotive force E between (across) the 
terminals of the circuit have been measured. This method ts 
applicable only in the case of direct currents, that is, where the 
current / and the electromotive force E are steady in value. 

161. ICeastirement by means of the wattmeter. — The watt- 
meter is a special form of electrodynamometer the connections of 

which are shown in Fig, 210. A 
fixed coil of coarse wire S is con- 
nected in series with the recoving 
circuit to which the power to be 
■ measured is delivered, and a sus- 

CPCPQCP pended or pivoted coil A of fine wire 
Z is connected across the supply mains 

in series with a non-inductive resist- 
ance R. The total current i which 
delivered to the receiving circuit flows through the fixed coil B, is 
a current which is proportional to the supply voltage e flows 
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through the pivoted coil A (this current is equal to e/X), and 
the force action between the two coils causes the coil A to move 
and carry a pointer over a divided scale. The force action be- 
tween the two coils is proportional to the product of the currents 
in the respective coils, that is, the force action is proportional to 
e/R X i or proportional to ei since R is constant. But ei 
is the power delivered to the receiving circuit, and therefore, 
since the force exerted on the pointer is proportional to the 
delivered power, the scale over which the pointer plays may be 
divided and numbered so as to indicate watts of power directly. 
The wattmeter is always used for the measurement of power 
delivered by an alternator. 

Use of the Ballistic Galvanometer. 
168. Heasnrement of electric charge and of magnetic flax by 
means of the ballistic galvanometer. — (a) When a ballistic gal- 
vanometer is used to measure the discharge q from a condenser, 
the charged condenser is connected to the galvanometer termi- 
nals, and the throw d of the galvanometer is observed. Then 

}~U (i) 

in which £ is a proportionality factor which is called the reduc- 
/w«/fli:/iTof the galvanometer. This reduction factor is gener- 
ally determined by observing the throw d produced by a known 
amount of charge q. Thus a condenser of known capacity C 
may be chained by a known electromotive force E and dis- 
charged through the galvanometer, giving g =■ EC = id from 
which i may be calculated. 

(6) The ballistic galvanometer is frequently used to measure 
what is called the impulse value of the momentary electromotive 
force which is induced in a coil of wire during the time that the 
magnetic flux through the coil is changing by a certain amount. 
Thus, a coil containing Z turns of wire is placed in a magnetic 
field so that a certain amount of magnetic Rux 4> * passes through 

* Tbii flm f TcpreMDti Ihe Aiu through ■ mean toiD of wire on the coit. 

Digili.^byGOOl^lC 
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the coil. The coil is connected to a ballistic galvanometer, then 
quickly removed from the field, and the galvanometer throw d is 
observed. This throw is proportional to the product Z^, so 
that we may write 

Z* - k-d (ii) 

in which ^ is a constant/jr a given value of the resistance of the 
galvanometer circuit, and it is to be determined by observing the 
' throw produced by a known value of Z^. If the resistance of 
the galvanometer circuit is changed, the value of k' is altered. 

The value of Z^ in the above discussion is the impulse value 
of the electromotive force which is induced in the coil of wire 
during the time that it is being withdrawn from the magnetic 
field. Let t be the short interval of time which elapses during 
the movement of the coil. Then the flux through the coil 
changes from ^ to zero during / seconds, the average rate of 
change of flux is ^jt, the avei^e value of the electromotive 
force which is induced in the coil is Z^ll, and the product of 
this average electromotive force and the time is equal to Z^. 
The product of the average value of the electromotive force and the 
time during which the electromotive force continues to act is called 
the impulse value of the electromotive force. 

163. HeaBorement of c&padty * — The simplest method of 
measuring the capacity of a condenser is to charge the condenser 
by a known electromotive force, discharge it through a ballistic 
galvanometer of which the reduction factor k is known, and ob- 
serve the deflection d which is produced. Then q=^kd^=CE 
from which C may be calculated. 

* The most accarate method for meunriDg the capacity of a condeiuei is to use a 
rapid] J rotating coannatator-device arranged to charge the condenser a known number 
of times [>er second from a baiter)' of known electromotive force and discharge the con- 
denser the same number of times per second throu^ an ordinary galvanometer, the 
Iteadj deflection of which uieaiuTei the average valne of the current. The most acca- 
rate method for deCermining the ratio of the capadtie* of two condensers ii bj meuis 
ofWheatstone'sbridge, as described in /VflrfiVa//'Aj'iiW,F™DltliD, Crawford and Mac- 
Nntt, Vol. 3, page 133. A method for meainring the nlio of the inductaoces of t«« 
n>i1s by means of Wheatstone's bridge is described in Practical Pkyaci, Franklin, 
Crawford and MacNntt, Vol. a, page tag. 
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164. Keasnrement of magnetic flax. — Consider an iron rod 
through which a certain amount of magnetic flux passes, due, for 
example, to the magnetizing action of a winding of wire through 
which a current is (lowing. A reversal of this magnetizing cur- 
rent produces a sudden reversal of the magnetic flux O through 
the rod, so that the total change of flux (from + 4> to — *) is 
equal to 24>. An auxiliary coil having Z turns of wire is 
placed upon the iron rod and connected to a ballistic galvanom- 
eter, and the throw d of the ballistic galvanometer is observed at 
the instant of reversal of the magnetizing current. Then we 
have 24>Zes k'd, inasmuch as the product of the change of flux 
24> and the number of turns of wire in the coil gives the impulse 
value of the electromotive force, and this is equal to k'd. The 
reduction factor ^ of the ballistic galvanometer being known,* 
the value of * can be easily calculated. 

Measurement of Magnetic Fields. 

166. Gauss's method for measuring the horizontal compoaeot fP 
of the earth's magnetic field, and for measuring the magnetic 
moment of a magnet. — This method involves two independent 
sets of observations, the first set b«ng made with a certain 
arrangement of apparatus and the second set being made with a 
different arrangement of apparatus, as follows : 

First arrangement. — A lai^c magnet is suspended horizontally 
at the place where Z/' is to be determined, set vibrating about 
the vertical axis of suspension and the time t of one complete 
vibration is determined by observation. Then from equation 
(33) we have 

^.^irr (i) 

The moment of inertia K of the magnet is to be determined 
from the measured dimensions and weight (in grams) of the bar. 

•A DMtbod for detenDining Ihe T»lae of :*' is deicribed on p«ge 18, Vol. II, 
Practical Physiei, Pruiktio, Crawfoid and MacNult. 
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Second arrangement, — A small magnet ns, F^. 211, is sus- 
pended at the place which was occupied by the large magnet in 
the first arrangement ; this small magnet being free to turn, points 
in the direction of the magnetic field in which it is placed, that is, 
in the direction of H'. The lai^ m^net used in the first 



trzr: 
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arrangement is now placed with its center at a distance d due 
magnetic east or west of the small magnet ns as shown in Fig. 
211. The large magnet then produces at the small mj^et a 
magnetic field k which is at right angles to if, and the 
small magnet then points in the direction of the resultant of 
k and H', having turned through the angle ^ which is 
observed. 

From the diagram. Fig. 21 r, we have 



tan ^' 



'IT 



(S) 



From equation (17) we have —mj{d-~\lf as the expression 
for the intensity of the m^netic field at ns due to the south pole 
of the lai^e mi^net ; and + mi(d + J/)* for the field intensity at 
ns due to the north pole ; so that 



h = 



(-i)""(-0" 



(iii) 



This equation may be simplified as follows ; Reduce the frac- 
tions ml{d — \ff and «/(rf -f- }/)* to a common denominator. 
We then have 



byGoogIc 



ELECTRICAL MEASUREMENTS. 



>'-^')' 



Multiply numerator and denominator of the second member of 
this equation hy {d^ + I')' and we have 



In this expression /'/16 may be dropped, since / is small 
compared to d, and /* is very small compared to d*. There- 
fore 

Substitute this simplified value of A in equation (ii), and we 
have 

The large m^net may now be placed nearer to ns (Fig. 211), 
say at distance e/^, the corresponding angle of deflection being 
^^, and we have 

The uncertain quantity /, which is the distance between the 
poles of the large magnet, may be eliminated from equation (v) 
with the help of equation (vi), giving 



»k/ d' tan <j> — d' tan <^, 



(vu) 



Observations and calculaHons. — The quantity t, equation (i), 
is observed and K is calculated from the measured mass and 
dimensions of the lai^e magnet, leaving only ml and H' un- 
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known in equation (i). The quantities d,d^, ^ and ^j in 
equation (vii) are observed^ leaving only m/ and //' unknown 
in (vii). Equations (i) and (vit) then enable the calculation of 
both ml and ff'.' 

If it is desired to determine the strength of the poles of the 
large magnet, the quantity / may be approximately measured, 
and m calculated. 

This method * for determining ml and If was devised by 
Gauss. 

166. Heasurement of magnetic field Intensity by means 9S the 
tangent galvanometer. — When the value of the horizontal com- 
ponent of the earth's magnetic field H' is known, the tangent 
galvanometer may be used to measure the value of the current 
in amperes or abamperes, as explained in Art 57. If a known 
current (measured by a copper coulombmeter, for example) is 
sent through a tangent galvanometer and the deflection ^ ob- 
served, then the value of Jf' may be calculated, the number of 
turns of wire Z and the mean radius r of the coil bdng 
known. 

167. MeasttremeDt of magnetic field Intensity by means of tiie 

bismuth Indoctometer. — The bismuth inductometer is a small 
resistance coil made of fine bismuth wire. Its resistance varies 
with the intensity of the magnetic field in which it is placed. 
The relation between resistance and field intensity being once for 
all determined, the intensity of any field may be found by meas- 
uring the resistance of the inductometer when it is placed in the 
field. 

168. Kohlrausch'smethod for the BlmaltaneonB absolute measure- 
ment of the horizontal component of the earth's magnetic field and 
of current. — The coil of a tangent galvanometer is suspended 
so as to enable the measurement of the torque T with which 
the earth's horizontal field JI' acts upon it. ' This torque is given 

'For liiller discussion of Gauss's melhod, see A. Gra;, Aitolule Mtasurtwitmtt 
H> EUcfrUity and MagHetism, Vol. II, pigc 69, 
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by equation (40) in which vZ^ may be written for A, giving 

T-vZr'IH' (i) 

At the same time the deflection ^ of the needle of the galvanom- 
eter is observed so that, according to equation (36a), we have 

The mean radius r and number of turns of wire Z in the coil 
being known, and T and ^ being observed, these two equa- 
tions determine the values of both / and H*, 
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TERRESTRIAL MAGNETISM.* 



1. The eartii a great magnet. — The tendency of a compass 
needle to set itself in a particular direction at a given place on the 
earth was at a very early date attributed to some action of the 
earth. The famous Dr. Gilbert, Physician in Ordinary to Queen 
Elizabeth, in his Latin treatise f put forward the important idea 
that the earth is a great magnet, so that, in the language of 




Faraday, there exists a magnetic field around the earth. The 
general character of the earth's magnetic field as to its direction 

* A birly complete diicussioD of teireitrUI magnelism nilh nmnj impoituit rcfet- 
encea is given in Gray's Treatia en Magnetism and EUctricUy, Vol. I, pi^ea 5S-84. 
Macmiilin and Companj', 1S9S. 

^Dt Mogntit magntliehqtu corpirribta. TnoiUted Into English sbant 190S . 
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and intensity at various points on the earth is that which would 
be produced by a large magnet inside of the earth with its axis 
slightly inclined to the axis of rotation of the earth, as shown in 
Fig. I. 

2. The compass. DefinitiOD of decUnatioa. — The compass 
needle is a horizontal magnet which is free to turn about a verti- 
cal axis. The direction in which such a needle points at a given 
place on the earth is called the magnetic meridian at that place, 
and the angle between the magnetic meridian and the geographic 
meridian is called the declination * of the earth's magnetic field 
at a given place. 

3. The dip needle. Definition of inclination. — The needle of 
a compass is usually weighed at one end to make it lie in a hori- 
zontal plane. A steel bar which is magnetized after being 
accurately balanced on a horizontal pivot constitutes a dip needle. 
When the horizontal pivot of the dip needle is placed at right 
angles to the magnetic meridian, the 

needle points in the actual direction 
of the earth's magnetic field, as 
shown by the two suspended mag- 
nets ns and ns in Fig. i, and the 
angle of inclination of the needle is 
called the inclination or dip of the 
earth's magnetic field at the given 
place. Figure 2 is a general view of 
a dip needle, or dip circle, as it is 
usually called. 

4. ICagnetic elements. — The di- 
rection and intensity of the earth's 

magnetic field at a place is completely specified when the decli- 
nation, the inclination, and the value of the horizontal component 

* Somelimei called the variation of the compass. This word T*riation, bow- 
ever, u here used to designate the changes which are coDtiaually lakiiig place in the 
ealth's magnetic field. 
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are given. These three things therefore constitute what are 
called the magnetic elements at a given place.* 

6. Hagnetlc maps. — Figure 3 is a map of the world showing 
the lines of equal magnetic declinaHon for the year 1905. The 
heavy black curves pass through the regions where the compass 
needle points true north, and the numbers attached to the fine- 



Lines of equal nugnetic declioaljon, 

line curves are the values of the declination. Thus, in England 
the compass points 20° to the east of north and at San Francisco 
the compass points about 17° west of north. Figure 4 is a map 
of the world showing the lines of equal magnetic dip or iTicli- 
nation for the year 1905. Thus, the dip needle stands in a 
horizontal position at all places on the heavy curve which is 
marked zero, the magnetic dip in England is about 70° (north 
pole of dip needle down), and the dip at Cape Town, South 
Africa, is about 55" (south pole of dip needle down). Figure 5 
is a map of the world showing the lines of equal horizontal inien- 

*The method] innsein Ihe Magnetic Observaloty at Kew, England, lot detennin- 
ing the magnelic elements ar« fully described in Stewart and Ciee, EUuunlary Practi- 
cal P/iysirt, Vol. II, pages a74-3i3- 
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sity. Thus, in England the horizontal intensity is about 0.17 
gauss, and in Florida the horizontal intensity is about 0.30 gauss. 



lines of equal magnetic iudinatioii. 



6. Varlatioiis of the earth's magnetic field. — Each one of the 
magnetic elements, declination, inclination, and horizontal inten- 
sity, is subject to variations of four distinct kinds, as follows : 

D,g,l,..cbyGOOglC 
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(a) Tke diurnal variation. — Each magnetic element is subject 
to a daily periodic change. This is called the diurnal variation. 
Thus, the curves in Figs. 6a and 6^ show the diurnal variadonoT 



the magnetic declination at the United States Magnetic Observa- 
tory at Baldwin, Kansas. Figure 6a shows the diurnal variation 
in mid-summer and Fig. tb shows the diurnal variation in mid- 
winter. 

{p) The annual variation, • — Each magnetic element is subject 
to an annual periodic change which is called the annual variation. 
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(c) The secidat variation. — Each magnetic element is subject 
to a slow change from year to year. This is called the secular 
variation. Thus, the curve in Fig. 7 shows the secular variation 
of the magnetic declination at London from 1 540 to 1890. 

{d) Magnetic storms, — Each magnetic element is subject to 
erratic variations. These erratic variations occur at times of great 
disturbances in the sun as indicated by sun-spot activity, and also 
at times of great disturbances in the earth such as volcanic erup- 
tions and earthquakes, and they are called magnetic storms. 
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APPENDIX B. 

SHIPS MAGNETISM AND THE COMPENSATION OF THE 
COMPASS* 

7. The ship's compass. — The style or ship's compass which is 
now ahnost universally used is that which is due to Lord Kelvin. 
The card of this compass is shown in F^, 8. The points of the 
compass and the circle divi- 
sions are printed on a paper 
ring to which is attached a 
light rim of aluoiinum which 
keeps it in shape. Radial 
threads connect the ring to a 
central disk which contains a 
sapphire cap by which the 
compass is supported on an 
iridium point Eight small 
magnets of glass-hard steel 
are tied to the radial threads 
four on either side of the 
jewel cap, as shown in the figure. The entire weight of the card_ 
including the magnetic needles, is 1705^ grains, and this extreme 
lightness combined with the relatively large moment of inertia due 
to the distribution of the mass, insures a long period of free vibra- 
tion and therefore great steadiness. The lightness of the card also 

•A good diKiusion of Ihii tabject ii gi»en in Gnij'* TWarfi* o« Magnttiim and 
BUilriiily, Vol. I, pagd Sj-loo, Mkcmillui and Compapj, 1S98. For rail deUil^ 
Ihe leader is teferred to Lord Kelvin's iHstructioni for Adjusting Iht Csmpaa, to be 
obtained frooi James While, of Glaseow. The practice in the Uoiled States Na*7 
cODceniii^ the matter of compass errors and compass adjastTnents is gi*en in sCTcral 
small pamphlets which are published bj the United States Navy Departmeot, aiM] in 
a book entitled A Trtatiu <tH NavigaHim, by Commander W. C. P. Mnir, U. S. 
NaTjr, Annapolis, t(>o6. The practice in the British Naijr u giTen in the Admiralty 
Manual ef Dniialiont of Hie Cempait. 

398 
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gives a very small frictional resistance at the supporting point. 
The compass card with its attached needles is supported in a 
copper bowl which is supported on gimbals, so that the compass 
remains horizontal in spite of the rolling motion of the ship. 
The complete instrument is supported on a column which con- 
tains or supports the compensating devices which are explained 
later, and the entire arrangement is called the binnacle. 

When a ship contains no iron or steel the compass points in 
the direction of the m^netic meridian, and a chart like Fig. 3 
enables a navigator to infer the true heading of a ship from an 
observed reading of the compass. When, however, the ship is 
made of iron or steel, or, when it carries a cai^o of iron or steel, 
the compass is usually deflected by the magnetism of the ship or 
of its cargo. In order that a compass may be used for purposes 
of navigation under such conditions the errors of the compass 
may be determined by a careful set of observations, or the in- 
fluence of the ship's magnetism may be compensated, thus 
reducing the compass errors approximately to zero. The latter 
method is the one which is usually employed, and in some cases 
the residual errors which remain on account of incomplete com- 
pensation are determined by a careful set of observations and 
allowed for in the use of the compass. 

8. Ship's magnetism. — A ball of iron which is devoid of per- 
manent magnetism, is weakly magnetized by the earth's field. 
This magnetism, which is not in a fixed direction in the ball, but 
which is always in the direction of the earth's field however the 
ball may be held or turned, is called the temporary magnetism 
of the ball, and it is proportional to the intensity of the earth's 
field. If the ball is elongated like an ellipsoid its temporary 
magnetism is not in general parallel to the earth's field, and in 
the case of a long slim iron rod its temporary magnetism is in 
the direction of its length and proportional to the component of 
the earth's field which is parallel to it inasmuch as that part of 
the earth's field which is at right angles to a slim rod produces 
no perceptible magnetism. 
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When a ball or rod of iron has a certain amount of permanent 
magnetism, the effect of the earth's magnetic field upon it is to 
produce an additional temporary magnetism, that is to say, the 
magnetism of the ball or rod is the sum of two distinct parts, a 
permanent magnetism and a temporary magnetism. Of course 
the permanent magnetism of a rod may be changed by severe 
mechanical shocks ; the word permanent here refers to that part 
of the magnetism which does not change as the ball or rod is 
slowly moved around in the earth's field. 

Similarly.an iron ship has a certain amount oi permanent inagtut- 
ism which does not change as the ship moves around in the earth's 
magnetic field and a certain amount of temporary magnetism 
which is due to the magnetizing action of the earth's magnetic field. 
9. Compass errors dne to pennanent magnetism of a ship. — The 
permanent magnedsm of a ship produces at the compass box a 
magnetic field which is constant in value and fixed in direction 
with reference to the ship. The horizontal com- 
ponent of this field combines with the horizontal 
component of the earth's field to give a resultant 
field in the direction in which the compass needle 
points. Thus, H' in Fig. 9 represents the hori- 
zontal component of the earth's field, P repre- 
sents the horizontal part of the magnetic field at 
the compass which is due to the permanent mag- 
netism of the ship, R represents the resultant 
horizontal field at the compass, and 6 represents 
the compass error due to the ship's permanent magnetism. The 
field P rotates with the ship and therefore the compass error 6 
has a series of positive values (to the east) throughout a half 
revolution of the ship, and a series of negative values (to the 
west) throughout a half revolution of the ship. Therefore the 
compass error due to the ship's permanent magnetism is called 
the semicircular error. * 

"The permanent magnelism oT ihe ihip nmlribotes alio to the heeling error 
whicli is discussed in Art, 14, mnd the so-caUed semidrctilar eiroT is due partly to 
the temporarr magnetism of the ship as explained in Art. 13. 
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10, The semldrcular correctors, — The ideal compensation for 
the compass errors due to a ship's permanent magnetism would 
be to place a permanent steel magnet in such a position that it 
would produce, at the compass box, a magnetic field equal and 
opposite to the field produced at the compass box by the ship's 
permanent magnetism. As long as the ship remains on an even 
keel, however, it is only the horizontal part P, Fig, 9, of the 
field which is produced at the compass box by the permanent 
magnetism of the ship, which causes the deflection of the compass. 
Therefore it is sufficient to neutralize this horizontal field P. For 
this purpose, one or more horizontal magnets are placed in trays 
in the pedestal of the binnacle and adjusted until they produce a 
field at the compass box which is equal and opposite to P. 
Usually, two such trays are employed, in one of which, magnets 
are placed parallel to the line of the keel of the ship so as to annul 
the bow component of P, and in the other of which, magnets are 
placed at right angles to the line of the keel so as to annul the 
athwart-ship component of P. These two trays with their per- 
manent magnets are called the semicircular correctors. 

11. Compass errors doe to temporary magnetism of a ship. — 
An idea of the general character of the compass errors which are 
due to the temporary magnetism of a ship may be obtained by 
imagining the ship to be a long slim bar AB, Fig. 10, with a 
compass box at the point C. The earth's horizontal field H" 
may be resolved into two components, one parallel to AB and 
the other at right angles to AB, The component which is at 
right angles to AB has no perceptible magnetizing action on 
AB, the component which is parallel to AB causes the end 
B to become a north pole and the end A to become a south 
pole, and the magnetic field at C due to these magnet poles is 
parallel to BA and towards A. The magnetic field at the 
compass box which is due to the temporary magnetism of the 
bar AB in Fig. 10 is represented by the arrow T in Fig. 11, 
the earth's field at the compass box is represented by IP , and 
the arrow R represents the resultant field at the compass box 
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in the direction of which the compass needle points ; therefore 
the angle ^ is the compass error. Imagine B, Fig. lo, to rep- 
resent the bow of the ship, and suppose the ship to start with its 
bow due north and swing around to the east, the angle a increas- 
ing from zero to 360". A careful consideration of Figs. 10 and 
1 1 will show that the angle ^ has a series of westerly values 





throughout the first quadrant [a between zero and 90°), a series 
of easterly values throughout the second quadrant [a between 
90° and 180°), a second series of westerly values throughout the 
third quadrant {a between 180° and 270°), and a second series 
of easterly values throughout the fourth quadrant The compass 
error due to the temporary magnetism of a ship is therefore called 
the guadrantal error. 

When the ship's compass is located on the center line of the 
ship so that the iron of the ship is symmetrically placed on the 
two sides of the compass, then the compass error due to the 
ship's temporary magnetism is zero when the ship heads north, 
east, south, or west, as may be shown as follows : When the ship 
heads magnetic north or south, its temporary magnetism is sym- 
metrical as shown in Fig. 1 2, the magnetic field at the compass 
due to the temporary magnetism of the ship is therefore due 
south, and consequently the compass is not deflected. Figure 
13 shows a compass box C placed on the center line of a ship 
of which the dissimilarity of bow and stern is greatly exaggerated. 
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Ima^ne the vessel to be made of solid iron and consider the 
transverse slice of iron which lies between the dotted lines in Fig. 





13. When the bow points east or west (magnetic) the transverse 
slice is magnetized as indicated by the letters N and S, and the 
curved line ^ which represents a line of force due to the poles 
N and S, shows that the field at C which is produced by the 




ne.13. 
magnetism of the transverse slice is towards the south. What is 
here said concerning a given transverse slice of the ship b true 
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of every transverse slice, and therefore the field at C due to the 
transverse magnetization of the entire ship when its bow points 
east or west (magnetic) is towards the south, 
and consequently the compass is not de- 
flected. 

12. Compensation of quadrantal error. 
Quadrantal correctors. — From Figs, 12 
and 13 it is evident that the temporary 
magnetism of the ship weakens the field at 
the compass {T opposite to fi' in direction, 
so that the resultant of T and If is less 
than H' ) when the ship heads north, east, 
south or west If the value of T is the 
same in Figs. 12 and ij, it can be shown 
that the temporary magnetism of the skip 
does not tend to deflect the compass, what- 
ever the direction of the bow of the vessel. 

To prove this proposition, we will assume 

that the iron of the ship is equivalent to 

two long slim horizontal bars of iron, one parallel to the ship's 

keel (the A-bar) and the other at right angles thereto (the B-bar). 



f 



1^ 



jrB'har 



^A-tttT 
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When the ship is headed north as shown in Fig. 14, the full value 
of IP acts to magnetize the A-bar, and the magnetic field T^, 
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which is produced at the compass box by the magnetization of 
the A-bar, is proportional • to H' or equal to k^H' . When the 
ship is headed east, as shown in Fig. 15, the full value of H' acts 
to m^;netize the B-bar, and the magnetic field 7^ which is pro- 
duced at the compass box by the magnetization of the B-bar, is 
proportional to If or equal to k^ff. Therefore, if Tf= T^ 
then ki = ij. The letter k will be used in what follows for *, 
and k^. 

Consider the ship when it is headed a degrees east of north 
as shown in Fig. 16. The component of IT which magnetizes 
the A-bar b IT cos a, and the 
magnetic field T^ which is pro- 
duced at C by the magnetiza- 
tion of the A-bar \s ky. IP cos 
a. The component of IT 
which magnetizes the B-bar is 
IP sin a, and the magnetic field 
7^ which is produced at C by 
the mf^etization of the B-bar 
is kx. IP sma. The resultant 
of T^ and 7^ is 




VT^ -f T* =^ HIP Vcos'a + s 



= JtH' 



(0 



Therefore the resultant of 7^ and 7^ is constant in value, and, 
since 7^ ™ kH' x cos a and T^ = kH' x sin a, it is evident 
that the resultant of 7^ and 7^ is always opposite to H' in 
direction, so that the actual field at the compass box is constant 
in value and always parallel to IP, or, in other words, the 
compass error due to the temporary magnetism of the ship is 
zero on alt headings of the ship when T^ in Fig. 14 is equal to 
7; in Fig. I s. 

The quadrantal correctors, — The quadrantal error of the ship's 
compass is eliminated (that is to say, compensated) by means of 

* Because the magnetizatioD of tfae A-bar is proporlioDal to If, and Ibe lield T 
is proportional to the msgDetiiation of the A-bar. 
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two iron spheres 55 which are usually * placed on the two 
sides of the compass, as shown to an exaggerated scale in Fig. 
17. These spheres are called the quadrantal correctors and the 

. practical method of adjusting 

/ g^^ ' ..,,__^ them is explained in Art 16. 

S Qc 6o^> ^^ action of the quadrantal 

^ ^S ^^..-— -""''^ correctors may be understood 

• ""^ with the help of Figs, i So and 

18^ as follows : When the line 
joining the centers of the two spheres 55 is parallel to If as 
shown in Fig. I Sa, the magnetic field at the point fi is more in- 
tense than /P ; and when the line joining the centers of the 



FiE. IBa. Fit. IBb. 

spheres is at right angles to /)" as shown in Fig. 18^, the magnetic 
field at / is less intense than /P. Now the weakening of the 
magnetic field at the compass box by the temporary magnetism of 
the ship when the ship heads east or west is usually greater than 
the weakening of the field at the compass box by the temporary 
magnetism of the ship when the ship heads north or south. That 

* In some cuei, nainelr. when the coeflicieat i, U srMter than the codBcient >,, 
It is aecesstry to place the qiudranlal correctors Tore kod tit al the coiapws boi. 
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t3 to say, 7*13 usually greater in Fig. 13 than it is in Fig, 12, or the 
coefficient *, is usually greater than the coefficient ky, There- 
fore by placing the quadrantal correctors in the positions shown 
in Fig. 17 and moving them closer to or farther away from the 
compass, the weakening of the magnetic field at the compass by 
the combined temporary magnetism of ship and correctors, may 
be made the same with the ship's head north (or south) as with 
ship's head east (or west), and when this condition is reached the 
quadrantal error of the compass is eliminated as explained above. 

13. Compass eiTor due to the magnetiziiig action of the vertical 
component of tbe earth's mf^etic field. — The vertical compo- 
nent V of the earth's field produces a temporary magnetism 
of all the vertical iron in the ship ; this " temporary " magnetism 
remains unaltered as long as V remains unchanged, the ship 
being supposed to stand on even keel ; and therefore the " tem- 
porary" magnetism due to V merges with the permanent mag- 
netism of the ship in the production of the semicircular compass 
error. 

The temporary magnetism due to V is distinguishable from 
the permanent mc^etism of the ship, however, because it dianges 
when the ship goes from one port to another where the value of 
V is different. Thus, if the semicircular error is completely com- 
pensated at the home port by means of the semicircular correctors 
(permanent magnets), then a perceptible amount of semicircular 
error will appear when the ship sails to a distant port where the 
value of V is difierent In order to overcome this difficulty, 
that is, in order to compensate the semicircular error so that the 
compensation may hold good on a long cruise, it is necessary to 
compensate, by means of the semicircular correctors, only that 
part of the semicircular error which is Aacio permanent magnetism, 
the remainder of the semicircular error (which is due to vertical 
temporary magnetism) being compensated by means of a vertical 
soft iron rod properly placed near the compass box. The use of 
this rod was proposed, originally by Captain Flinders and it is 
usually called Flinders' bar. The action of Flinders' bar may 
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be explained as follows : When V changes in value the mag- 
netism of Flinders' bar and the vertical temporary magnetism of 
the ship change together, and Flinders' bar being once for all 
adjusted to compensate the effect of the vertical temporary mag- 
netism of the ship, the compensation holds, whatever the value of V 
may be. Flinders' bar is usually about three inches in diameter 
and from 6 to 24 inches long, according to the amount of iron 
in the vessel, and it is usually * placed forward or aft of the 
binnacle. 

'F^ure i9d ihowsthe north polaritj f/NNN, elc., 00 tbe deck of an irooTtsiel 
due to the rertkal component of the earth's Geld. This north polarity is distiiholed 
sjmmctricall; with respect to the compass box C (tblp'i iion betDgsymmettkalwith 




L 



respect lothe compass box), and it produces, at the compasi, a magnetic Geld of which 
the horiionlal component is represented by the arrow a which is parallel to the keel. 
Flinders' bar is placed in the posilion shown, and its north pole jV' (npper end 
of bar), which is on a level with the compass boi, produces at the compass boi a 
Geld b which is equal and opposite to a. Figure 19^ shows a aide view of Flinders' 
bar F (the compass box is supposed to be placed at the point p). FlEndets' bar 
is magnetised by the yertical component V of the eanh's magnetic field, a U the 
horizontal part of the Geld which is produced at the compass box by the vertical 
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The method of adjusting Flinders' bar is explained in Art. 16. 

14. The heeling error, — Let us suppose that the semicircular 
and quadrantal errors have been completely compensated by 
means of the semicircular correctors and quadrantal correctors, 
the ship being all the time on an even keel. Under these con- 
ditions a deBection of the compass is produced when the ship 
rolls, or heels over, at sea. This deflection of the compass is 
called the keeling error, and it is due in part to the variation of the 
temporary magnetism of the ship which accompanies the change 
of direction of the earth's magnetic field with reference to the ship's 
iron as the ship rolls, and in part to the permanent magnetism of 
the ship, as follows : The horizontal field P, Fig. 9, is annulled 
by the semidrcutar correctors, and the vertical component of the 
field at the compass box which is produced by the permanent 
magnetism of the ship is lefl unaltered by the semicircular cor- 
rectors. By vertical component is here meant that component 
which is perpendicular to the ship's deck, and which, as the ship 
rolls, turns out of the true vertical, and has a horizontal compo- 
nent, at the compass, which deflects the compass. In describing 
the action of the heeling corrector, the heeling error will be assumed 
to be due entirely to the permanent magnetism of the ship. 

Assuming the heeling error to be due entirely to the permanent 
magnetism of the ship, that is, to be due to tt^e component P 
(perpendicular to the deck) of the fleld which is produced at the 
compass box by the permanent magnetism of the ship, it is evi- 
dent that the heeling error is a maximum when the ship heads 
north or south, and zero when the ship heads east or west ; for, 
when the ship heels over with its head to the east or west, the 
part of P which is projected upon a horizontal plane is directed 
towards the north or south and does not deflect the compass, 
whereas, when the ship heels over with its head north or south, 
the part of P which comes into a horizontal plane is directed 
towards the east or west and it deflects the compass, 
temporary magnelism of the ship's iron, and h ia the Geld produced at Ibe compm 
box by Flinders' bar. 
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The heeling corrector is a vertical steel magnet placed directly 
beneath the compass box and adjusted up or down until it pro- 
duces at the compass box a vertical 6eld which is equal and o^^kk 
site to P". The pradica] method of adjusting the heeling cor- 
rector is explained in Art 16. 

15. Compass errors doe ts nugnetlc lag. — The temporary 
magnetism t£ the ship's iron tends to lag behind the magnetic 
field which produces it. Thus, after a ship has been standing for 
some time in one direction the magnetism which is produced by 
the earth's field does not at once disappear when the ship turns 
around, but tends to persist This magnetic lag produces a 
compass error which is known as Gaussin's error and which cannot 
be compensated. 

16. Directions fw adjnstiiig the c o irectors <rf a ship's compass. 

(a) Adjustment of semicircular correctors. — The quadrantal error 
is zero with ship's head north, east, south, or west Therefore 
any deviation of the compass which exists on these headings is 
due to the semicircular error. With the ship's head north (mag- 
netic), place one or more athwartship magnets in one of the semi- 
circular-corrector trays and move them up or down until the 
compass points north. Then head the ship east (magnetic) and 
place fore and aft magnets in the other semicircular-corrector tray 
and move them up or down until the compass points north. 

(^) Adjustment of quadrantal correctors. — Having corrected 
the semicircular deviation of the compass, bead the vessel north- 
east (magnetic) or southeast, southwest, or northwest, and if any 
deviation of the compass exists, place the quadrantal spheres on 
the side brackets of the binnacle and move them in or out until 
the compass reading is correct 

{c) Adjustment cf the heeling corrector. — With the ship headed 
north or south in a heavy sea, place the heeling-corrector magnet 
in its tube with its proper end upwards, and raise or lower it 
until the slow motion of the compass due to the rolling motion 
of the ship is nearly eliminated. The proper end up of the heeling- 
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corrector magnet may be inferred as follows : Suppose that the 
north end of the compass is deflected to the east when the ship 
rolls to the west Then it is evident that the perpendicular-to- ■ 
the-deck component /* of the field which is produced at the 
compass box by the permanent magnetism or the ship is down- 
wards, because the part of it which is projected into a horizontal 
plane is to the east when the ship's masts roll to the west In 
this case the north end of the heeling-corrector magnet is to be 
placed upwards so as to produce an upward field at the compass 
box. 

{d) Adjustment cf FUnder^ bar. — Having carefully adjusted 
the semicircular correctors at the home port so as to annul com- 
pletely the semidrcutar error, the ship is taken to a distant port 
and the semicircular error is observed with the ship's head east 
or west (magnetic). Let this error be represented by ^ ; let 
V and H' be the vertical and horizontal components of the 
earth's magnetic field at the home port and let V^ and H( be 
the vertical and horizontal components of the earth's field at the 
distant port as determined by observation, or as taken from mag- 
netic charts. The forward (or aft) component of the magnetic 
field which is produced at the compass box by the vertical tem- 
porary magnetism of the ship, is proportional to the vertical com- 
ponent of the earth's field and it is therefore equal to a ^ at the 
home port and equal to aV^ at the distant port. The deviation 
of the compass which is produced by this field is proportional to 
its intensity and inversely proportional to the horizontal intensity 
erf the earth's field. Therefore this deviation is equal to bVjH' 
at the home port and equal to bVJH^ at the distant port, where 
a and b are proportionality factors. Therefore the observed 
compass deviation ^ is equal to biVfll'— V^jH^'), and the 
total compass deviation, ^^ which is due to the vertical tem- 
porary magnetism of the ship at the distant port is equal to 

VJH' 
1/-I M' VI w ^ ^' Wth ^^^ ship's head east at the distant 

port (the condition under which was observed), put Flinders' 
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bar into a vertical position in front of, or behind the compass box, 
and move it towards or away from the compass until the compass 
is turned through an angle ^, in a direction opposite to ^, the 
angle ^, being reckoned from the deflected 
position of the compass. Then eliminate the 
outstanding semicircular error by readjusting 
the semicircular correctors, 

17. Napier's diagiam. — After the compass 
correctors have been adjusted so as to approxi- 
mately compensate the errors of the compass, 
it is customaiy, for the purpose of accurate 
navigation, to determine the residual errors of 
the compass and allow for them in the use of 
the compass. The ship is swung round and 
for successive actual readings of the compass, 
the compass error is determined by an inde- 
pendent determination of the true magnetic 
heading of the vessel.* Figure 20 shows Na- 
pier's method for representing the compass er- 
rors graphically. The successive actual com- 
pass readings are laid off along the fine vertical 
line as an axis, and the compass errors are laid 
off along the fine dotted lines which are in- 
clined at an angle of 6o° to the fine vertical line. 
To determine the true magnetic course of 
the ship from the compass reading, start at 
the point on the vertical axis which corresponds 
to the actual compass reading, draw a line parallel to the fine 
dotted lines from the chosen point on the vertical axis to the 
curve of errors (which is the heavy curve in Fig. 2o) ; from the 
point so reached on the curve of errors, draw a line parallel to 

*ThF true magnetic heading is detennined bji ■ land-mark, if the vessel is in port, 
or by cA>servations on the sun or stars if the vessel is at sea, the declination d the 
compass being known for the place of obseivation. 
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the fuie fuU lines, and the point where this line cuts the vertical 
axis corresponds to the true magnetic course of the vessel. To 
determine the compass reading corresponding to a true magnetic 
course, start from a point on the vertical axis which corresponds 
to the true magnetic course, travel parallel to the fine full lines 
until the curve of errors is reached and then travel parallel to the 
fine dotted lines until the desired point on the vertical axis (corre- 
sponding to the actual compass reading) is reached. 

The heavy curve in Fig. 20 represents the actual compass 
errors on the old British iron-clad Achilles, and the abscissas of 
the fine sine curves represent the semicircular errors and quad- 
rantal errors, respectively. The maximum value of the semicir- 
cular error is 21° 15', and the maximum value of the quadrantal 
error is 6° 9'. 

Problems. 

1. The semicircular error of a compass on board ship is found 
to have a maximum value of 20° to the east when the ship heads 
36^ west of south. Make a sketch of the outline of the deck 
of the vessel and draw a line on the deck showing the direction 
of the horizontal component of the magnetic field at the compass 
box which is due to the permanent magnetism of the ship, find the 
value of this horizontal component and find the angle between its 
direction and the direction of the keel, the earth's horizontal field 
being equal to 0.2 gauss. Ans. (a) 0.06S gauss, {b) 106° from 
bow towards port side (left side). 

8. What is the value of the semicircular error of the compass 
when the ship specified in problem i heads 20° north of east ? 
Ans, 19° 21', west of north, 

S. The only error of a ship's compass is that which is due to 
the ship's permanent magnetism, the quadrantal error being com- 
pensated. The semicircular error has a value of 6" to the west 
when the ship's head is true magnetic north and 4" to the west 
when the ship's head is true magnetic northeast. On what true 
headings will the error of the compass be zero 7 Ans. 38minute3 
south of east, and 38 minutes north of west 
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4. Suppose that the semicircular error of the ship's compass 
has been completely compensated and suppose that the quad- 
rantal error is observed to be 4° to the west when the ship is headed 
true northeast What is the deviation of the compass when the 
ship heads 30° south of east Ans. 3° 20' to the east 

NeU. — In thil problem Ireat the ship u mk long ilim iron bar pusllel to lb« 
keeL 

ft. (a) A ship is headed true magnetic north (for which poa- 
tion the quadrantal error is zero), and the compass shows a devia- 
tion to the east. A permanent magnet is to be placed in an east- 
west direction (athwartship) underneath the compass box so as 
to bring the compass to true magnetic north. Which end of the 
magnet is to be placed to the east ? {S) The ship is then headed 
true magnetic east and the compass is observed to have a devia- 
tion to the west A permanent magnet is to be placed in an east- 
west direction (parallel to the keel) underneath the compass box 
so as to bring the compass to true magnetic north. Which end 
of the magnet is to be placed to the east? Ans. (a) north end 
east, (^) north end west 

6. The semicircular and quadrantal errors having been com- 
pensated the ship is headed magnetic south at sea and the com- 
pass is deflected to the west when the ship heels to the east (top 
of mast moves eastward). Which end of the heeling corrector 
magnet must tw placed upwards in order to eliminate the heeling 
error? Ans. North end up. 
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APPENDIX C 

MISCELLANEOUS PHENOMENA. 

18. Thenno-electTlcity.* Seebecki discovery. — In 1821 See- 
beck found that an electric current is produced in a circuit of two 
metals when one of the junctions of the two metals is warmer 
than the other. Seebeck used the arrangement shown in Fig. 21. 
The ends of a bent bar of copper 
were soldered to the ends of a 
rod of bismuth, amagnetic needle 
was pivoted between the bar^ as 
shown in the figure, and one of 
the junctions was heated by a 
spirit lamp. The existence of current is indicated by the de- 
flection of the magnetic needle, and the direction of the current 
which is produced is shown by the arrows in Fig, 21. An 
arrangement such as is shown in Fig. 2 1 is called a thermo-elentent. 

The thermopile. — The electromotive force 
of a single thermo-element seldom exceeds a 
few thousandths of a volt, even when the two 
junctions are at widely different temperatures. 
A number of thermo-elements may, however, 
be connected in series, as in Fig. 22, in which 
AAAA are bars of one metal and BBBB are 
bars of another metal. Junctions i, 3, 5 and 
7 are heated, while junctions 2, 4 and 6 are kept cool, or vice 




Pte.32. 



The thermo-element used as a pyrometer.^ — When one junction 
of a thermo-element is kept at a constant standard temperature, 

*A verjr good discassion of Thermo-electridt]' is given tn Magnitism and Elec- 
trictiy for Studenl!\>jV.. E. Hadley, pagei 359-381, Macmillan and Compuif , 1906. 
f A pyrometer is ■ tbermoiiieter for measuring very high temperaturea. 

3IS 
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the dectromodve force of the element is a function of the tem- 
perature T of the other junction, and, if the electromotive force 
of the element is determined once for all for a series of values of 
T, then any unknown temperature may be determined by observ- 
ing the electromotive force of the thermo-element when one ti 
its junctions is at the standard temperature and the other is at the 
temperature which is to be measured. 

The electromotive force of a thermo-element can * be repre- 
sented with a fair degree of accuracy by the equation 

e = a-\-bT-^ cT* (i) 

when one junction (^ the element is kept at a fixed standard tem- 
perature, a, b and c being constants. Therefore in order to 
use a thermo-element as a pyrometer, it is sufficient to measure the 
electromotive force e of the element for three chosen known 
values of T. The thermo-element which has proved most satis- 
factory for use as a pyrometer is one employing pure platinum 
and an alloy of platinum and rhodium. 

The Peltier effect. — In 1834 Peltier discovered that heat (in- 
dependently of the heat generated in accordance with Joule's 
Law, Art 1 2, Chapter II) is generated or absorbed at a junc- 
tion of two metals when a current flows across the j unction, that is, 
heat is generated when the current flows in one direction and 
absorbed when the direction of the current is reversed ; the gen- 
eration of heat being shown by an increase of temperature of the 
junction, and the absorption of heat being shown by a cooling of 
the junction. For strong currents this Peltier efTect is masked 
by the heat that is generated on account of electrical resistance, 
for the rate of generation of heat by the Peltier effect is proportional 
to the current, while the rate of generation of heat on account of 
resistance is proportional to the square of the current The 
Peltier ef)ect is most easily shown as follows : A current from a 
voltaic cell is sent through a thermopile. This current heats one 
set of junctions and cools the other set The thermopile is then 

* Sitt Magttetitm and Eledritily for ShuUntt, H. E. Hadley, pages 361-367. 
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disconnected from the voltaic cell and connected to a galvanometer 
and the diflerence in temperature of the two sets of junctions is 
shown by the deflection of the galvanometer. 

The Thomson effect. — When a liquid, like water, flows along 
a pipe which is not at a uniform temperature, the liquid always 
absorbs heat from the pipe at each point when it flows in the direc- 
tion of increasing temperature of pipe, and the liquid alwaysgives 
out heat to the pipe at each point when it flows in the direction of 
decreasing temperature. Lord Kelvin (then Sir William Thom- 
son) discovered in 185 1 that an electric current may either absorb 
or give out heat at each point in a wire when the temperature of 
the wire is not uniform. If the electric current absorbs heat at each 
point of a wire when it flows along a wire in the direction of in- 
creasing temperature, the Thomson effect is considered to be posi- 
tive. If the electric current gives out heat at each point when it 
flows in the direction of increasing temperature, the Thomson 
effect is considered to be negative. 

19. Pyro-electridty.* — A peculiar property of a crystal of 
tourmaline after its temperature had been increased or decreased 
was noted by Daumius in 1 707. The crystal had the property of 
attracting small particles of ashes. Aepinus in 1756 recognized 
this property of a tourmaline crystal as an electrical phe- 
nomenon, and he was able to show that the two ends of a 
tourmaline crystal become oppositely charged when the tempera- 
ture of the crystal is changed. Very extensive experimental 
studies of the production of electric charges on the surface of 
crystals by changes of temperature were carried out by Hanlcel, 
beginning in 1839. Hankel found that the property of becoming 
charged by a change of temperature is common to all crystals, 
although hemihedml crystal forms show the effect more strik- 
ingly. A method for demonstrating this so-called pyro-electric 
property of crystals is to place a mixture of finely-powdered sul- 
phur and red lead in a fine cotton sieve and dust it upon the 
crystal afler the temperature of the crystal has been changed. 

* See Wiedemuia, Dii Lthri van dtr Eltklriiitat, Vol. II, pag«* 3l6-34a 
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The effect of the cotton sieve b to give a negative charge to the 
sulphur particles and a positive charge to the red lead particles, 
so that the sulphur particles cling to the positively charged parts 
of the crystal and tlie red lead particles cling to the negatively 
charged parts of the crystal, 

PUso-eUctricity* — In 1880 it was found by J. and P. Curie 
that many kinds of crystals become electrically chained when 
they are subjected to pressure. This eRect is produced in hemi- 
hedtal crystal forms when a crystal plate with its faces at right 
angles to the hemihedral axis is compressed between two metal 
plates. The effect is to charge the two metal plates oppositely. 

SO. Kagnetic rotation of the plane of polarization of lig^t, — 
Faraday f discovered in 1846 that a transparent substance such 
as glass or carbon bi-sulphide rotates the plane of polarization of 
%ht when it is placed in the magnetic field and when the light is 
passed through it in the direction of the magnetic lines of force. 

21. The Hall effect.^ — When a conductor through which an 
electric current is flowing is placed in a magnetic field, the con- 
ductor is acted upon by a force which pushes it sidewise as ex- 
plained in Chapter IV, Ordinarily this force does not alter the 
distribution of current in the conductor, that is to say, the cur- 
rent is not pushed to one side of the conductor. E. H. Hall 
discovered in 1 880, however, that the current is pushed to one 
side of the conductor to a very slight extent in some metals, 
especially in bismuUi. This peculiar effect is satisfactorily ex- 
plained by the electron theory of metallic conduction (see Lodge's 
Electrons, pages 106-109). 

22. The Ken effect, g — One of the most universally applicable 
prindples in physics is the principle of superposition, so-called, 

• See Wiedemann, Dii Ltirt von dir EUttricUOt, Vol. II, pages 341-346, UtJ 
Vid. IV, pages 1180-1284. 

t See Fu-adBf's Erfierimmlal Sesearehei, Series ig, 1846. A desciiptioD of 
Fanday's eiperimeats and of later experiments along the same line b given in 
Wiedemano, Die Lthrt von der EUktricilSi, Vol, III, pages 907-968. 

X See Wiedemann, Dii Lehri von dir EltilricillU, Vol. Ill, pages 192-194. 

I See Wiedemann, Dil Lthri van der EtiktruUSt, Vol. II, pages Il&<l3ti, 
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which in its most general form may be stated as follows : Given 
a cause which produces an effect which is proportional to it 
Then two such causes acting together produce an effect which is 
the sum of the effects which they would produce if they acted 
separately, and the total eflect may be divided into two parts 
which correspond to the two parts of the cause, or in other 
words, each cause produces the same effect that it would produce 
if it were acting by itself One of the best examples of this 
principle is that light passes from two windows, for example, 
tkrougk the same region to the eyes of two observers and each 
observer sees his window distinctly, that is to say, the l%ht 
travels through the given r^on from each window exactly as if 
it were traveling through the region alone. This principle of 
superposition is quite accurately true in most of the phenomena 
of the electromagnetic field. It was discovered, however, by 
Kerr, in 1S75 that an isotropic transparent substance such as 
glass or oil becomes doubly refracting when subjected to a strong 
electric field. 

23. The Zeeman effect.* — About 1900 it was predicted by 
L^renz and experimentally verified by Zeeman, that the light 
emitted by a hot vapor is altered in a peculiar way when the 
vapor is placed in an intense magnetic field. The character of 
this alteration when the emitted light travels parallel to the lines 
of force of the magnetic field is as follows : Imagine an atom to 
consist of a positively charged nucleus with one or more nega- 




B 

FlE- 23. 
"See Lodge's EUclrons, pages 109-115. 
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lively chained satellites revolving round the nucleus as repre- 
sented in Fig. 23. Imi^ne the region in Fig. 23 to be a m^- 
netic field directed towards the reader. The effect of such a mag- 
netic field would be to push outwards on the satellite a, thus 
increasing its periodic time of revolution, whereas the eflect would 
be to push inwards on the satellite a', thus decreasing its peri- 
odic time of revolution. Now the hypothesis which has been 
used in the discussion of the Zeeman effect is that a given line of 
the spectrum of the hot vapor is due to the rotation of a certain 
satellite in the atom, at a certain speed. The plane of the orbit 
of this particular satellite has every possible orientation in the dif- 
ferent atoms of the vapor as shown by A, B and C, Fig. 23, 
and, when the vapor is not in a magnetic field, the periodic time of 
rotation of the satellite a is the same for all the atoms. When, 
however, the vapor is in the magnetic field, the periodic time of 
the satellite a is increased, the periodic time of satellite a' is 
decreased, and the periodic time of satellite d', the plane of 
whose orbit is parallel to the magnetic field, is unaltered. There- 
fore, instead of one single spectrum line corresponding to the given 
satellite, there will be three lines, one in the original position and 
one on each side of the original position. 

24. Uppmann's electrometer.* — A pool of mercury underneath 
an electrolyte, such as dilute sulphuric add, can of course be 
used as an electrode of an electrolytic cell. When this is done 
the surface tension of the mercury is altered, the change of sur- 
face tension being approximately proportional to the polarization 
electromotive force (electromotive force between the metal and 
the electrolyte). This change of surface tension of mercury by 
electrolytic polarization may be demonstrated by the change in 
level of a mercury column in a capillary tube when the surface 
of the mercury column is polarized. This effect was discovered 
about 1870 and it was employed by Lippmann in the construction 
of a capillary electrometer in which the movement of a mercury 

* S«« Wiedemann, Z>iV Likrt von der EUitritiiat, Vol. II, p^e« 708-730, (or m 
full diicnsuoD of the polarintion of mercuij. 
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colunon in a capillary tube is used as an indicator of electromotive 
force. 

26. Electric osmosis. * — A U-tube AB, Fig. 24, is filled 
with water and provided with two platinum electrodes, and an 
electric current is sent through the cell in the direction of the 
arrows. The bend of the tube is filled with fine sand. Under 
these conditions the water is 



found to rise in the arm S 

and fall in the arm A, or, 

in other words, the current 

causes the water to diffuse 

through the sand from A to 

B. This forced diffusion of 

a liquid through a porous 

diaphragm is called electric 

osmosis. It was discovered 

in 1807 by Reuss. This 

effect is greatly reduced 

when a good conducting liquid, such as an acid or salt solution, 

is used instead of water. In 1835 Becquerel discovered that 

fine particles of clay or other material suspended in water are 

caused to travel in one direction or the other when an electric 

current is sent through the water, 

S6. The change of electrical resistance of selenium by Uloml- 
liatlon.t — Wilioughby Smith, in 1873, discovered that the elec- 
trical resistance of metallic selenium is reduced to one half or one 
third of its normal value when the selenium is exposed to brilliant 
sunlight. 

27. Atmospheric electricity, — It was shown by Benjamin 
Franklin about 1760 that the lightning discharge b identical in 
its nature to the ordinary electric spark. Very little was learned 
after Franklin's time concerning the cause of atmospheric elec- 

•See WiedenuuiD, Die Uhrt von dtr Eltktridiat, Vol. II, pages 166-195. 

t See WieauDJUUi^ Bit Lthre ivw dir EUitricitH, VoL I, pages 547-55 '■ 
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tricity until about 1S96 when the electron theoiy had been de- 
veloped. The present theory of atmospheric electricity as devel- 
oped chiefly by Wilson, of Cambridge, England, is as follows : 
When moist air is cooled, the water vapor always becomes super- 
saturated unless there are nuclei present upon which the water 
vapor can condense. It has been experimentally demonstrated 
that both positive and negative ions can serve as condensation 
nuclei, and that a lower degree of super-saturation is required to 
cause the negative ions to act as condensation nuclei than is re- 
quired to cause the positive ions to act as condensation nuclei. 
The upper regions of the atmosphere where the ultra-violet rays of 
the sun's light are very intense, are strongly ionized, and, when the 
water vapor in these upper regions becomes super-saturated by 
cooling, the negative ions, becoming loaded by the condensation 
of moisture, fall towards the earth leaving the upper regions of 
the atmosphere positively electrified. The great intensity of the 
electric phenomena of the atmosphere during the summer time is 
probably due to the fact that during the summer the condensa* 
tion of moisture takes place at very great altitudes where the ioni- 
zation of the atmosphere is very great, whereas during the winter 
time most of the condensation which takes place occurs at very 
much lower altitudes where the atmosphere is not strongly ionized. 
Lightmng protection. — The use of the lightning arrester 
for protecting electrical machinery is described in Chapter VI. 
The use of the lightning rod for the protection of buildings 
against damage by lightning is due to Benjamin Franklin. A 
lightning rod is ^mply a good conductor leading as directly as 
possible from a point above a building to a good ground connec- 
tion in moist earth. A house which is not guarded by a lightning 
rod may not be damaged, and, in many cases, bouses which are 
guarded, are severely damaged, but statistics show that the num- 
ber of casualties is very greatly reduced by the use of lightning 
rods. There is therefore no question as to the usefulness of the 
lightning rod. Information concerning lightning rods may be 
obtained from Sir Oliver Lodge's book Lightning Conductcrs and 
Lightmng Guards, Whitaker & Co., London, 1892. 
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APPENDIX D. 
MISCELLANEOUS PRACTICAL APPLICATIONS* 

28. The Horse telegraph is an arrangement for signalling 
between distant stations as follows : An insulated wire leads from 
one station to the other and back. The ground is generally used 
instead of a return wire. An electric current from a battery or 
other source is sent intermittently through this drcuit by operat- 
ing at one station a key which makes and breaks the circuit 
This current excites an electromagnet at the other station, and 
the armature of this electromagnet makes a graphical record on 
a moving strip of paper, or produces sound signals which are 
interpreted by the operator at the receiving station. 

Relays and sounders. — A fairly strong electric current is 
required to operate the instrument which produces the signals at 
a telegraph receiving station, and it is not desirable to send so 
strong a current over a long line because of the great number of 
voltaic cells that would be required. This difficulty is obviated 
by the use of the relay. The current in the line flows through 



many turns of fine wire which are wound upon an electromagnet 
at the receiving station. This magnet actuates a very light lever 
and this lever is arranged to open and close what is called a local 

* Mbdj of tbe practical tpplicalioiu of electricity and magnetism have been described 
in the foregoing chapters. 
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circuit as it moves back and forth between stops. Figure 25 is a 
view of such an instrument, which is called a relay. The local 
circuit which is opened and closed by the relay contains a battery 
which supplies the large current that is required for the operation 
of the instrument which produces the sound signals. This 
instrument is called a sounder. It consists of an electromagnet. 




which is wound with moderately coarse mre and which actuates 
a massive lever and produces audible signals as it moves back 
and forth between stops. Figure 26 shows the ordinary tele- 
graph sounder. Figure 27 shows an ordinary telegraph key. 

S9. The polarized relay. — The ordinary relay which is shown 
in Fig. 25 responds to a make-and-break key. By using the 
proper tension on the spring which pulls the lever back (see Fig. 
25), the lever of the ordinary relay may be made to respond to 
increase and decrease of current, whereas a quick reversal of cur- 
rent may not affect the instrument, inasmuch as the lever may not 
have time to move perceptibly while the current is passing 
through zero value. 

The polarized relay is so constructed as to respond to reversals 
of current, but not to respond to increase and decrease of current. 
An electromagnet .AW,, Fig. 28.1, is mounted, as shown, upon 
one pole of a U-shaped permanent magnet A light iron lever 
a. Fig. 2Zb, pivoted at /, passes through a slot in the south 
pole .S5 of the permanent magnet, between the poles AW, of 
the electromagnet, and plays between the stops /' and p". 
This lever a is magnetized inasmuch as it bridges over from the 
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south pole 55 of the permanent magnet to the soft iron cores 
iWV, which stand upon the north pole of the permanent magnet 
When a current flows in a certain di- 
rection through the coils of the elec- ' 
tromagnet NN^ one of its poles, N^, 
for example, becomes a strong north 
pole and attracts the lever a. When 
the current is reversed, the other pole 
N becomes a strong north pole and ^^^^ 
attracts the lever a. Thus, the lever in. haonct 
a is pulled towards N^ or towards N 
according to the direction of the cur- 
rent which flows through the coils of 
the instrument, and a local circuit con- '' 
nected, as shown in Fig. 2%b, may thus be opened and closed at 
will by repeated reversals of the current through the winding 
of the electromagnet NN^ 

The ordinary relay is usually called the neutral relay to dis- 
tinguish it from the polarized relay. 



'00 



30. DIplez tel^raphy. — The sending of two messages in the 
same direction over one line wire simultaneously is known as 
dipUx telegraphy. This is accomph'shed as follows : At the send- 
ing station are two keys. One of these keys is arranged to vary 
the strength of the current in the line (never actually breaking 
the circuit) by throwing a number of voltaic cells in and out of 
circuit as it is operated. The other key is arranged to reverse 
the direction of the line current as it is operated, the line current 
being in one direction while this key is down, and in the other 
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direction while it is up. At the receiving station a neutral ie\sy 
and a polarized relay are connected in circuit with the line. The 
neutral relay responds to the key which varies the strength of 
the line current, and the polarized relay responds to the key 
which reverses the line current 

31. Duplex tel^raphy. — The sending of two messages m oppo- 
site directions over one line wire simultaneously is known as 
dupUx telegraphy. This is accomplished as follows : Fig. 29 rep- 
resents the arrangement of apparatus at one station. An exactly 

similar arrangement is 
installed at the other 
station. Let c be the 
total resistance of the 
line through the distant 
station to the ground. 
Then the resistances a, 
b, c and d form a Wheat- 
stone's bridge. When 
these resistances are so adjusted that a/i ™ f/rf, then the key 
at the home stadon may be pressed without sending a current 
through the home relay. When the key at the home station is 
pressed, however, current flows over the line to the other station, 
and it is easily seen from the figure that a line current coming to 
a station divides, and flows in part through the relay at that sta- 
tion. Therefore the relay at each station responds to the move- 
ments of the key at the other station. 

32. Quadniplez telegraphy. — The sending of two messages 
each way over one line wire simultaneously is known as quadru- 
plex telegraphy. This is accomplished by combining the arrange- 
ments for diplex and duplex telegraphy. The single key repre- 
sented in F'ig. 29 is replaced by two keys, one for reversing the 
current and the other for altering its strength ; and the single 
relay is replaced by two relays, one a neutral relay and the other 
a polarized relay. With this arrangement the polarized relay at 




Fig. 29. 
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each station responds to the reversing key at the other station, 
and the neutral relay at each station responds to the key at the 
other station which alters the strength of the current 

83. The printing tel^raph is an arrangement by means of which 
a simple form of typewriter is operated at a distant station from a 
keyboard at a sending station. A simple form of printing tele- 
graph is as follows : * Twenty-six equidistant pins are arranged 
in a helical row around a long metal cylinder. This cylinder is 
rotated by a small electric motor or by clockwork, and above the 
cylinder is a bank of twenty-six lettered keys so arranged that 
when a key is depressed, one of the pins comes against it and the 
cylinder is stopped in a certain position ; tKe next key would 
stop the cylinder j^j of a revolution farther on, and so on. At- 
tached to the rotating cylinder is a device for reversing an elec- 
tric current fifty-two times for each revolution of the cylinder. 
This repeatedly reversed electric current passes over the tele- 
graph line and through two electromagnets at the receiving 
station. One of these electromagnets is like a neutral relay with 
a heavy lever, and the other is like a polarized relay with a light 
lever which oscillates with the rapid reversals of current and 
actuates an escapement which turns a type wheel with the twenty- 
six letters arranged round its periphery. This type wheel is thus 
turned step by step, keeping pace with the rotating cylinder at 
the sending station. 

When the cylinder at the sending station is stopped by de- 
pressing a key, the A-key, for example, the current-reversing 
device stops also, a steady current flows over the line, the tongue 
of the polarized relay stops oscillating, the type wheel stops, and 

* When a persoD is tboroughlj familiar with the eUments which enter into the cod- 
atniction of a machine, thai is, when ■ person is familiar with shafis and wbcels, and 
with simple devices like switches for opening aod closing eleclric circuits and for re- 
Tcrsiog conoecIiODS, a more easilj ialelligible descriptioD of a complicated machine 
can be made without illustrative diagrams and drawings than can be made with the 
help of diagrams and drawings. In fact, it is confusing under the specified conditions 
lo have recourse, even, to ■ working model of a complicated machine, when the object 
in view is to impart a clear idea of its fundamental features. 
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the steady current excites the neutral relay, the lever of which 
pushes a strip of paper against the type wheel and prints the 
letter A. When the key at the sending station is raised, the cur- 
rent reversals begin again, the type 
wheel at the receiving station starts, 
and at the same time the lever of the 
neutral relay falls back and actuates a 
device which moves the strip of paper a 
step forward for the printing of the 
next letter. 

34. Submarine telegraphy. — Figure 
30 shows a full-size sectional view of a 
submarine telegraph cable. The con- 
ductor at the center consists of a number of strands of copper 
wire. Surrounding this is a layer of gutta percha, and the whole 
is protected by a covering of tarred hemp and steel wire. 



Fit. 30. 
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The conductor and metal sheath of the cable, together with 
the intervening insulator, constitute a condenser of lai^e electro- 
static capacity. The effect of this large electrostatic capad^ is 
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as follows : At the instant a battery is connected to a cable a very 
lai^e current begins to flow into the cable. Most of this current 
goes to charge the cable, and, as the cable becomes chained, the 
entering current falls off in value, settling finally to a steady value 
which is determined by the resistance of a cable. The ordinates 
of curve A in Fig. 31 show the successive values of thecurrent 
which enters a cable from a battery. At the distant end of 
the cable an infinitesimal current begins almost at the instant 
the battery is connected at the sending station, and, as the cable 
becomes charged, this current rises in value until it reaches a 
steady value very nearly equal to the steady value of the enter- 
ing current The curve B, Fig. 31, shows the growth of cur- 
rent at the distant end of a cable when a battery is connected to 
the near end. When the battery is disconnected the current 
which enters the cable ceases at once, and the current at the dis- 
tant end drops slowly to zero as the accumulated chaise flows out 
of the cable. 

Distortion of current pulses by a cable. — Thecurve a, Fig. 32, 
shows the character of the current pulse which enters a cable when 



a battery is momentarily connected to the cable, and the curve 3 
shows the character of the current pulse which flows out at the 
distant end of the cable. The action of a cable in thus alter- 
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ing the character of a current pulse is called distortion Land 
lines distort current pulses to some extent, and the distortion 
seriously impairs the distinctness of telephonic transmission if the 
land line is fairly long (see Art. 147). 

The curve a. Fig, 33, represents four short current pulses 



hhhh 



sent into a cable at one end, and the curve b represents the re- 
sultant pulse of current which flows out of the cable at the other 
end. T/te receiving instrument in submarine telegraphy is a gal- 
vanometer which is arranged to trace the resultant current curve at 
the receiving end of tke cable, and the separate current pulses that 
are sent into the cable at the sending end are inferred from the 
slight kinks in thecurve which is traced by the receiving instrument. 
The distortion of electric current pulses by a submarine cable 
is analogous to the distortion of pulses of water current by a long 
thin-walled rubber tube. 

35. The sypboa recorder is the receiving instrument used in 
submarine telegraphy. It consists of a D'Arsonval-type gal- 
vanometer, the moving coil of which is attached by means of a 
fine thread to a syphon of very fine glass tube. This syphon 
takes ink from a small reservoir and traces an ink line upon a 
moving paper ribbon. When the galvanometer coil is quiet a 
straight line is traced upon the moving paper. When signals are 
being received the varying current which flows through the gal- 
vanometer coil causes the coil to move and the glass tube traces 
a wavy line upon the moving paper. It is necessary for the 
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syphon to move sidewise with the utmost freedom, and therefore 
the tip of the syphon cannot be allowed to rest against the mov- 
ing paper. This difficulty was overcome in the early form of the 
syphon recorder * by keeping the ink reservoir and syphon highly 
charged with electricity by means of an influence machine, thus 
causing the ink to issue from the tip of the syphon in the form of 
a fine jet. In the present form of the recorder the syphon is 




Icept vibrating rapidly against the paper so as to trace a finely 
dotted line as the paper moves while at the same time the side- 
wise motion of the syphon is not hindered by friction. The essen- 
tial features of the syphon recorder are shown in Fig. 34. 

* The syphon recorder was devised by Lord Kelvia, who contribnled more, perhaps, 
lo the development of IransatloDtic telegraphy than any other man. In an article by 
professor W. £. Ayttoo, which appeared jn the London Timti shortly after Lord Kel- 
vin's death (reprinted in Popular Science Monthly for March, 190S), much interesting 
informBtian is given concerning what Kelvin did for submarine telegraphy. " When 
signals through the 1S58 Atlantic cable became weak, and a message &om the Presi- 
dent to oar Queen look thirty hours in transmission although containing only 150 
words, and which would need only three or four minutes to transmit through any one 
of our good Atlantic cables of to-day, the only remedy of those who looked down 
upon the theories of the young Gla^pw professor was to use Whitehouse's ''thunder 
pump," a mi^neto- electric machine which produced a sudden large electromotive 
force when tbe armature of the permanent magnet wa« jerked off the pole* of the 
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36. The telephooe consists of a thin sheet-iron diaphragm D, 
Fig- 3 S . which is very near to one end of a steel magnet M with 
a winding of fine insulated wire C. 

The action of the telephone as a transmitter. • — When the tele- 
phone first came into use, the same instrument was used as trans- 



mitter and receiver, being moved alternately from mouth to ear of 
the speaker. The action of a telephone as a transmitter is as 
follows : The coil C being near the end of the magnet ^ only a 
portion of the magnetic flux from M passes through the coil. 
When the diaphragm moves nearer to the end of the magnet, a 
greater portion of the magnetic flux from the magnet passes through 
C, and when the diaphragm moves farther away from the magnet, 
a smaller portion of the magnetic flux from the magnet passes 
through C. Thus, as the diaphragm D vibrates, the magnetic 
flux through the coil C increases and decreases. This pulsa- 
tion of the flux through the coil C induces an electromotive 
force in the coil, and this induced electromotive force produces a 
current in the coil and in any circuit to which the coil is con- 
nected. This induced current flows in one direction while the 
diaphragm is moving towards the magnet, and in the other direc- 
tion while the diaphragm is moving away from the magnet 

The action of a telephone as a receiver. — If a current passes 
through the coil C first in one direction and then in the other 
inagaet Bnt these shocks odIjt sent sparks througb the galta-percba iosulitiDg coat- 
ing and fagrried Ibe poor cable to its doom, so that even the three words per minate 
which would have been the utmost limit of speed possible had this cable been entirelj 
uninjured, were replaced by absolute silence." 
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direction, the magnet M will be alternately weakened and 
strengthened, the force with which the magnet attracts the dia- 
phragm will vary accordingly, and the diaphragm will be caused 
to move to and fro in unison with the reversals of current. 

Confflder two telephones, A and B, connected in circuit A 
sound strikes the diaphragm of telephone A and causes the 
diaphragm to vibrate. Telephone A acts as a transmitter, and 
telephone B acts as a receiver, as explained above, and the dia- 
phragm of telephone B is caused to vibrate in a manner exactly 
similar to the vibrations of the diaphragm of telephone A, and 
thus the diaphragm of telephone B reproduces the original 
sound. 

37. The carbon tiansmitter. — The alternating current which is 
produced by a telephone acting as a transmitter is veiy weak 
even when the transmitter telephone is exposed to a loud sound. 
The carbon transmitter is an arrangement by means of which a 
vibrating diaphragm may control a strong battery current and 




cause a strong induced current to sui^e back and forth through 
the telephone line in unison with the movements of the diaphragm. 
The arrangement of the carbon transmitter is shown in Fig. 36. 
The current from a battery passes through the primary P of 
a small induction coil and through a mass of granular carbon C 
which lies between a carbon block B and a diaphragm DD. 
The electrical resistance of the granular carbon varies with the 
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pressure exerted upon it by the vibrating dtaphiagm, this causes 
the battery current to fluctuate, the fluctuating battery current 
induces an alternating current in the secondary 5 of the induction 
coil and this alternating current passes over the line and actuates 
the receiver telephone at the distant station. 

36. Wireless telegraphy.* — The intensity of the magnetic 
field in the neighborhood of an isolated magnet pole decreases 
as the square of the distance increases, and the intensity of the 
magnetic field at considerable distances from a complete magnet 
(having two opposite poles) decreases as the cube of the distance 
increases. The energy of a magnetic field is proportional to the 
square of the field intensitj' and therefore the energy of the mag- 
netic field in the neighborhood of an isolated pole decreases as 
the fourth power of the distance increases, and the energy of the 
magnetic field at considerable distances from a complete magnet 
decreases as the sixth power of the distance increases. The 
same laws of decrease of the energy apply in the case of the 
electric field due to an isolated charge and in the case of the 
electric field due to a doublet consisting of two opposite chains 
near together, respectively. In the case of wave motion of any 
kind which spreads out uniformly in all directions from a source, 
the energy falls off as the square of the distance increases. 
Therefore an enormously greater amount of energy can be 
brought into action at great distances from a source of disturbance 
by wave motion than by actions which produce a steady distribu- 
tion of field. This remarkable property of wave motion is illus- 
trated by the familiar fact that an audible effect may be produced 
upon the ear of a distant person by the wave disturbance in the 
air which is produced by a vibratory motion, whereas an ex- 
tremely violent but steady drculadon of air produced, for ex- 
ample, by a powerful fan-blower, does not lead to any perceptible 
energy manifestations at moderately great distances from the 
blower. In consequence of the very great enei^ manifestations 

* Tbii uticle describes the simple original atraogieiiient which is due to MucooL 
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at a distance due to laave motion as compared with the extremely 
small energy manifestations at a distance due to steady actions, 
it may be said that the only feasible method • of signalling at 
moderately great distances is by means of wave motion. 

The use of the vocal organs for producing sound waves and 
of the auditory organs for perceiving them at a distance, consti- 
tutes the most familiar example of " wireless " signalling. The 
term wireless telegraphy is applied particularly to the use of an 
electric oscillator for producing electric waves and an electric 
resonator or detector of any kind for perceiving the waves at a 



distance. This system of electric wave signalling is due to Mar- 
coni. 

The sending apparatus or oscillator. — A charged body, an 
expanse of metal, is suspended in the air so as to be thoroughly 
insulated from the earth. This body of metal is usually made 
of many strands of wire WW, Fig. 37, which are supported by 
guy wires GG from poles, as shown, the guy wires being 

■ Where (be energy U not truumitted along a vrell-deliDed path like a vire, or a 
pipe, or > string. 
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provided with insulating links //. The body of metal WW, 
which is separated from the ground by a short air gap g; 
is connected to one terminal of a high voltage induction coil, the 
other terminal of which is connected to the earth, the body of 
metal WW is charged until the air gap g- breaks down, the 
discharge which takes place is oscillatory in character as ex- 
plained in Chapter IX, and electric waves pass out in all direc- 
tions from WW. 

The receiving antenna. — A long vertical wire is suspended by 
insulating supports at the receiving station and connected to earth 
through a device which is called a 
detector. The passage of the electric 
waves causes electric charge to surge 

_ ° up and down in this vertical wire or 

FlB- 38. '^ 

antenAa, and the weak alternating 
current thus produced actuates the detector and produces the sig- 
nal at the receiving station. The detector which was used in the 
earlier days of wireless te- 
legraphy was the coherer 
of Branly. The essential 
parts of this coherer are 
shown in Fig. 38. It con- 
sists of two short brass 
rods between which is a 
loose mass of metal tilings. _!. 
This coherer is connected S^ 
across the air gap of the r< 




ceiving antenna or resona- 
tor as shown in Fig. 39, in 
which .S is an ordinary 
telegraph sounder. An 
auxiliary device, not shown ^pwrnd 

in the figure, is used to 

keep the metal filings vibrating slightly. Under these condi- 
tions the filings do not conduct the battery current to any 
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perceptible extent. When, however, electric waves act upon the 
antenna, the slight current which is produced in the antenna is 
forced through the filings and produces what seems to be a 
welding together of the particles of the filings at the points 
of contact At any rate, as long as a slight amount of current 
is forced through the tilings from the antenna, the filings form a 
good conducting path for the battery current and the sounder is 
excited, but, the moment the electric waves cease, the vibratory 
motion of the metal filings causes them to become detached from 
each other and the battery current ceases. 

Figure 40 shows the trend of the electric lines of force in the 
electric waves as they approach the receiving antenna. The 



Jill 



5 



magnetic lines of force are horizontal and perpendicular to the 
plane of the paper. 

39. Electric lighting. — One of the most extended applications 
of the electric current is in the production of artificial illumination. 
This is usually accomplished by the heating to incandescence of a 
high resistance portion of a circuit, by the electric current. The 
high resistance portion of the circuit, together with its mounting, is 
called an electric lamp. Two types of electric lamp arc in gen- 
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eral use, namely, the glow lamp, or incandescent lamp, and the 
arc lamp. 

The glow lamp consists of a fine filament or wire of highly re- 
fractoiy material which is enclosed in a glass bulb from which the 
air is exhausted. In the older type of glow lamp the filament is 
made of charred vegetable material upon which a dense deposit of 
carbon is formed by heating it in the vapor of gasoline. The 
heating is accomplished by sending an electric current through 
the filament The carbon-filament glow lamp consumes from 
three to four watts for each candle of light emitted. Thus, a i6- 
candle carbon filament lamp consumes about 55 watts. 

Recently several varieties of metal-filament glow lamps have 
been placed on the market The earliest of these was the 
osmium lamp, the filament of which is made of metallic osmium 
which is sufficiently refractory to stand a temperature high enough 
to emit one candle of ligiit with a consumption of about i J^ 
watts. The scarcity of metallic osmium, however, was a serious 
obstacle in the way of extensive use of the osmium lamp. The 
next metal filament lamp to be placed en the market was the 
tantalum lamp, in which the filament consists of a wire of metallic 
tantalum. In the tungsten lamp, which is now coming into ex- 
tensive use in Europe and America, the filament consists of me- 
tallic tungsten. The carbon filament lamp consumes from 3 to 4. 
watts for each candle of light emitted, the osmium lamp con- 
sumes about I j4 watts per candle of light emitted, the tantalum 
lamp consumes about 2 watts per candle, and the tungsten lamp 
consumes about i % watts per candle. The greatest diflicultf 
with the metal filament lamps is that the filament must be exces 
sively fine to give a low candle power lamp with the standard volt 
ages now in use for lighting purposes (no volts and 220 volts), 
because of the low specific resistance of metals as compared with 
carbon. This difficulty is greatly enhanced in the case of the 
tungsten lamp by the excessive brittleness of the material. 

TTu arc lamp. — When an electric arc is formed between carbon 
points as described in Chapter VIII, the carbon points become 
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intensely heated and give off a very brilliant light The arc 
lamp is a mechanism for automatically moving two carbon rods 
so that a steady electric arc may be maintained between the ends 
of the rod. There is a great variety of arc lamp mechanisms but 
the following description will serve to give an idea of their action : 
The current comesintothe lamp and divides as shown in Fig. 41. 
A very small portion of the 
current flows through a il 

shunt coil B without pass- ' | 

ing through the arc, and the uhubm ; 
remainder flows through ' ^ 

the coil A and thence 
through the arc. An iron 
rod AB, passing loosely 
into the two coils A and 
B, is carried upon one end 
of a lever which is pivoted 
at the point /. The other 
end of this lever is provided with a clutch c through which a 
smooth brass rod bb passes. This clutch c is so constructed 
that it releases the rod bb when the iron rod AB is raised, thus 
allowing the carbons to come together. Each of the coils A 
and B acts to pull the rod AB into itself, and a spring which 
is attached to the lever is so adjusted that when the arc is burning 
properly the combined action of this spring and the two coils A 
and B holds the lever in such a position that the clutch grips 
the brass rod bb. As the arc continues to bum, the carbons 
arc slowly consumed, causing the gap between the carbon tips to 
widen. This increases the resistance of the arc and causes a 
greater portion of the current to flow through the shunt coil B 
which pulls up on the iron rod AB, moves the lever, releases 
the clutch, and allows the rod bb to fall slightly, thus bringing 
the carbons again to the proper position. 

A variety of arc lamps have been developed in which the light 
is emitted by the arc itself. Thus we have the so-called _/ii»m'«^- 
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arc lamp m which the carbon rods are impregnated with metallic 
salts, the vapors of which give an intensely luminous arc. An- 
other form of arc lamp in which the arc itself is intensely luminous 
is the magnetite arc lamp in which the arc is formed between a 
rod of compressed titanium carbide and iron oxide (the cathode) 
and a rod of copper (the anode). The result is the vaporization 
of the iron oxide and the production of an intensely luminous 
arc. 

40. The electrolytic interrupter (Wehselt).- — The primary cir- 
cuit of an induction coil is usually interrupted by a vibrating reed 
or spring which makes and breaks contact between two platinum 
points. Wehnelt discovered that the sudden generation of 
oxygen on a small platinum anode in dilute sulphuric add causes 
an abrupt stoppage of the electric current This effect is utilized 
in the electrolytic interrupter as follows : A glass jar CC, Fig. 
42, is filled with dilute sulphuric add and provided with two 



"C 



=^ r-^fWPP^ 




electrodes p and /, The anode / is a tip of platinum wire 
projecting from a glass tube, and the cathode / is a lai^e plate 
of lead. The electromotive force between the mains, which must 
be 30 volts or more, causes a sudden rush of current through the 
cell CC and through the primary of an induction coil. This 
rush of current generates a layer of oxygen over the platinum 
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tip which stops the current abruptly. The layer of oxygen then 
collects as a bubble and rises, leaving the platinum tip i^ain in 
contact with the acid when another rush of current takes place, 
and so on. From 200 to 1,500 interruptions per second may be 
produced by this arrangement according to the size of the plati- 
num tip, the inductance of the circuit and the value of the electro- 
motive force. 

41. Electric welding. Thomson's process. — The two metal 
rods to be welded are connected to the terminals of an electric 
generator and brought into contact with each other. The cur- 
rent, flowing across the 
relatively high resistance 
contact, heats the ends of 
the rods to the melting 
temperature, the rods are 
then pushed slightly to- 
gether and the weld is 
complete. Alternating cur- 
rent is generally used in 
this welding process; a 
transformer takes current 
at high voltage from ordinary supply mains and delivers a very 
large current at very low voltage to the rods to be welded. 

The ivet process. — When a direct-current generator having an 
electromotive force of from 200 to 500 volts is connected to an 
electrolytic cell with small cathode, the cathode becomes intensely 
heated. This efiect is utilized for welding as follows : The two 
rods a and b, Fig. 43, which are to be welded are connected 
to the negative terminal of the dynamo D. The positive ter- 
minal of the dynamo is connected to a metal nozzle from which 
a jet of salt water issues. This jet impinges upon the ends of 
the two rods and quickly fuses them together. 
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MECHANICAL AND ELECTRICAL ANALOGIES. 

The mechanical analogies which are pointed out in Art. 62 of 
Chapter V, in Chapter VI, in Arts. 89 and 93 of Chapter VII, 
and in Arts. 106, 107 and to8 of Chapter VIII are here collected 
together for convenience ot reference, and the mechanical anal- 
ogies of electrical oscillations are added : 



^^Vt (1) 

in which f i% the distance 
traveled io f secondi bj a, 
bodj moriilg at velocity C. 

IV=Fx (4) 

ID which Jf is the worli 
done by ■ force /" in pull- 
ing a body through the dii- 

/•=/i. (7) 

in which /* U the power 
deTclopedbyaforce F act- 
iag upon ■ body moviog at 
velodty v. 

iV= \m^ (10) 
Id which fV a the liinelic 
enetgy of a mus m mov- 
ing at velocity v. 

in which /" is the force re. 
quired to cause the lelocily 
oTa liody ofmasi m loin- 



in which f is the angle 
turned io / secondi by a 
body turning at angular 

»'= 7» (S) 

in which K' is the work 
done by a torque 7'inlurn-l 
ing a body through the 
angle >. 

P^Th (8) 

ID which ^ Is the power 
devel(q>ed by a torque 7 
■cling on a body turning at 
angular velocity 

«'=iAy (II) 

in which fT is the kinetic 
CDergy of a wheel of mo- 
ment of inertia /T turning 
at aDgular velocity 

in which T is the torque 
required tocanse the angu- 
lar velocity of a wheel of 
moment of inertia ^ to 
increate at the rate — . 

^=bT (ir) 

34a 



f=^ (3) 

in which ; is the electric 
charge which in t srcondt 
flows tlirough a circuit car- 
rying a currenl i. 

W^E^ (6) 

in which W is the work 
doDe by an electromotive 
force E inpushingachargc 
q through ■ circuit. 

■P = « (9) 

in which ^ is the power 
developed by an electro- 
motive force E in pushing ■ 
current i through a circuit. 

W=.\LP (12) 
iu which W U the kiaetic 
energy of a coil of induc- 
tance L carrying a curreDt i. 



which E is the electro- 
motive force required to 
ause a current in a coil of 
inductance L to increase at 



(.8) 
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FlB.t 

A body of DUOS m is sup- 
ported by & flat spring S, 
clamped in & vise as shown 
in Hg. a. A farce /' push- 
ing sideiriseon « moves it 
B distance x, which is pro- 
portiool to S, accordiDK 
lo equation {i6). When 
started the body m will con- 
tinae lo vibrate bacli and 
forth and the period r of its 
vibrations IS deteimlDed by 
equation (19). 



Fle.b. 

A body of moment of in- 
ertia X" a hung by ■ wire 
as shoim in Fig. i, A 
torque T'actingon thebody 
will tum the body and twist 
the wire through an angle 
f, which Is proportioTul to 
T, according to equation 
(17). When started, the 
body will vibrate about the 

peiiod r of its vibrations 
is delennined by equation 

(20). 



FlB.e. 

A condenser C is con- 
nected lo the terminals of 
a coil of inductance L as 
shown in Fig. c. An elec- 
tromotive force £ acting 
anywhere in the circuit 
pushes into the condenser 
a charge g, which is pro- 
portional to £, according 
to equation (18). When 
started the electric choi^ 
will surge back and forth 
through the coil, constilat- 
ing what is called an oscil- 
latory current and the period 
of one oscillation is deter- 
mined by equation (31 ). 
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of mi|^tization, 84 
International standards, history o^ by F. 

A. Wolff, 375 
Ions in gases, 333 
Ionization of a gas, 233 
Iron, magnetization of, 81 

Jones's Tluory of EUetrefytie Diitocia- 

tion.S 
Joule's Law, 35 

application o^ to a portioi) of a 
drcuJI, 38 

Kelvin galvanometer, the, 113 
Kerr effect, the, 318 
Key, the tel^raph, 334 
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Lamp, the electric, 338 
Larmor, Joseph, jSlAer and MaOer, 343 
Leblanc's EltetrocJuMulry, 5 
Lens's Law, 117 

^ eiamples o^ 130, 136 
Lifting, electric, 337 
Lightning arrester, the, 153 

protecticm, 332 
Line of force, de&dtioo of, 65, 70 
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lippnumn't electrometer, jao 
Local Bction and Toluic acljon, l6 
Lodge, Sir Oliver, Electrom, 336, 

I.ightiiing CendHctBTS »na 

Ltghining Gttardi, 33a 
Medim Vieat of EUOrUity, 
343 
Lorcni'i method for measunne re^stince, 

378 
LTDdon, Storagt Ba/ttty Mngitutring, 



Magnet, behavior of, in a ODifbnn field, 
73 
in a Txm-nnifbnn field, 74 
near an electric wire, 94 
the, 61 
pole, algebraic ^gn rA, 65 

and flax, general lelatkm be- 
tween, 71 
itreDgth oT, 63 

duttibated and concentrated, 63 
the peimaneiit, 63 
Magnets, attatic lystcm of, Ita 

pennanent, S3 
Magnetic attractiiM, Coulomb's Law, 64 
blow-out, the, 153 
eflect of the electric current, t, 93 
elements, 193 

field, actioD of upon soqiended coil, 
106 
around a magnet pole, 67 
inside of a long solenoid, I03 
intensity of, 66 

mechanical conception of, 343 
near a long slim pole, 71 
the, 65 

tennoo and energy of, 76 
nnifbrm, action of, upon a 
magnet, 73 
and non-unifomi, 67 
noD-mii&nn, action of, upon a 
magnet, 74 
fields, composition of, 68 
resolotion of, 69 
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Magnetic Ggnret, 65 
floK and pole strength, general re- 
lation between, 7 1 
definition of, 69 
measurement of, 387 
from a magnet pole, 70 
maps, 394 

rotation of polariatioD of ligh^ 318 
saturatitHi, 84 
leparator, the, 76 
Mt^etism of irm, 61 
reiidna], 83 
terrestrial, 191 
Magnetite aic lamp, 340 
Magnetiiation, jntensit; of, 84 
of iron, 81 

Swing's theory of, 86 
molecular theoiy of, 85 
Manganin, 33 

Marconi, wiieless telegraphy, 334 
MbiwcII, definition of Ibe, 70 
Maiwell't EUctricity and i/agnttitm, 

161 
Heasarement of current, 376 
of capacity, 2S6 

of electric current by electndyds, 7 
of electromotive force, 381 
of insulation resistance, 381 
of magnetic Geldi, 387 

flux, 3S7 
of power, 184 
of reiisUnce, 36, 378 
Measurements, electrical, 376 
Mechanical analogies of electromotive 
force and resistance, 117 
of ioduced elcctiomotire force, 
tiS 
analc^e of condenser, 166 

of electrically charged bodies 

and of the electric Geld, 164 
of inductance, 144 
and electrical analogies, 343 
conception of electric Geld, 343 

of magnetic Geld, 342 
theory versus atomic theory of elec- 

Microfarad, definition of, 166 
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Mil, definilioD oflhe, VJ 

Milli voltmeter, Ibe, 50 

MomeDtam, electric, 141 

Mone telegnpb, Ihe, 3, 3*3 

Motor, the electric, ■ 14 

Multiplying coils tal Toltmeters, 50 

MultipolRT dyoanio, the direct-cotrent, 

ISO 
Muluat inductmnce, definilioa of, 156 



Napier's dUgnua, 313 
NoQ- inductive drcaits, 143 

Ohm, definitkm oT, i6, 99 

the IntemBlioDBl suodard, 36 
Ohm's Law, 37 

Applic&tioa of, I0 B portion of a 

OpeD-dlcijit cells and closed-circuit cells, 

DsdllattoDs, electric, 142 
Oscillator, the electric, 353, 354 
Osmosis, electric, 331 
Oione, the production of, 333 

Parallel and series connectioiis, 44 

Paramagoelic substances, S7 

PatlersoD and Carhart, Ettetricat Mtat- 

urtmtnU, 163 
Patterson, G. W„ DHimdnaiiim ofElic 

Irochtmical, Equivalmt 0/ Silver, S 
Pellier effect, the, 316 
Permanent magnet, the, 63, 83 

magnets, aging of, 83 
Pieio-electrieir, 318 
Pilh-ball electroscope, the, 309 
Polarized relay, the, 334 
Polarisation of the voltaic cell, 43 
Poles of ■ magnet, 63 
Potential -difTerence, definition of, 40 
Potential, electric, tS6 

energy of a charged condenser, 1 70 
Potentiometer, the, 383 
Power, measurement of, 384 
Poynting, J. H. , On lAt Energy Stream, 

Z4S 
Primary coil of induction coil, 133 



Printing tel^raph, the, 337 

Pyro^lectricity, 317 

Vjmto^a, the thermo-electric, 315 

Qnadrsnt electrometer, the, see electro- 
static Tollmeter 
Quadrantal compass correclors, 304, 306 
Quadruples telegrapby, 326 

Radio-activily, 334 
Relay, the polarized, 334 

the telegraph, 333 
Rendual magnelisni, 83 
Reustance, combined, of a nnmber of 
branches, 47 

electrical, 35 

measurement of, 36, 37S 

spedlic, see reNstivity 

temperature coeHident of, 33 
CoefficienU of, table of, 38 

variation of with temperalure, 31 
Reditivity, dcRnition of, 37 
Resistirities of alloys, 38 

table of, 38 
Rheoilat, the, 30 
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Roentgen rays, 33a 

Rosa, E. B., papers on Measurement of 

Indoctance, 144 
Ruhmkorif coil, the, 131 
Rutherford, E., Radio-activity and He- 

dio-aelivf Trans/anaations, 334 

Ssluialion, magnetic, 84 
Secondary coil of induction c<h1, I32 
Selenium, properties of. 321 
Selfinduced electromotive force, 146 
Self-inductioD, coeffident of, see indue- 

Semicircular compass correctors, 301 
Series and parallel connections, 44 

and shunt field windings, 129 

dynanto, the, 129 
Ship's compass, the, 198 

magnetism, the, 299 
Shunt and series field windings, 139 

dynamo, the, 129 



byGoogIc 



